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PREFACE 
At this moment you are reading in a monograph which is the 
product of much inspiration and perspiration of a number of 
workers during a period of some years. It is the re-
sult of a Lot of work in an area of research with hardly a 
history and, in my opinion, a wide future. Of course, the 
contents of this monograph will show some imperfections but 
one should remember that every way of pioneering will raise 
more questions than can be answered. Yet, I have the impression 
that this trip was well worth being made. For that reason I 
feel ashamed that on the cover there is only the name of one 
author; the name of a man who got the job to start this in-
vestigation in order to take his doctor's degree. The 
support I have had from a number of people has been of such 
intensity that I prefer to speak of cooperation. 
I wish to express my gratitude to the staff of the circulation 
group of the laboratory of Medical Physics and Biophysics. 
This scientific environment has been almost ideal for me to 
gain experience. The contribution of the medical staff of the 
vascular laboratory of the Department of Dermatology cannot be 
underestimated. They attended to the clinical input and con-
vinced me of the practical interest of clinical physics. 
The loyal assistance of Jan Linssen was also of incalculable 
value. He always kept his mind on the job and he warranted cor-
rect experiments. Herman Awater and the physics-students Ger 
Stienen, Francois Booij, Miesjel van Wietmarschen, Casper Erke-
lens and Jan Manschot have made a considerable contribution. 
They all worked on this project for one or two years. These 
people did many experiments and wrote a large number of com-
puterprogrammes. 
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The "Mathematisch-Statische Adviesafdeling" assisted in the 
data manipulation and all the statistics. The Instrumentation 
Servie? designed and made the mechanical apparatus. The 
départaient of electronics of the Laboratory of Medical Physics 
and Biophysics developed all the electronics. The secretariat 
of the Laboratory deciphered my almost illegible handwriting 
and typed the manuscripts. Finally, I should not forget to 
express my gratitude to all patients and healthy subjects who 
volunteered for this study. Without them this study would have 
been impossible. 
And should anybody wonder what I did by myself in this study, I 
could not give a better answer than by quoting Goethe (179^-
1832): "Little would be left of me if I had to give up every-
thing I owe to other people". 
Pieter Wijn 
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INTRODUCTION 
The investigations described in this thesis were initiated 
by a number of questions that arose in studies of the 
peripheral circulation in man. 
Both the Laboratory of Medical Physics and Biophysics and the 
Department of Dermatology of our university have in excellent 
cooperation a history of some decades of research into this 
field. In clinical and in laboratory investigations the limb 
volume distensibility, i.e. the plethysmography cally relation-
ship between the increase in limb volume and the underlying 
artificial rise in intravenous pressure, appeared to play an 
important role in the quantitative description of the circu-
lation in the limb. In recent years it became more and more 
evident that this volume distensibility is a valuable parameter 
for diagnosing pathological conditions (Van Schalm, 1973; 
van Schalm et al., 1973; Brakkee et al., 1975; Kuiper et al., 
1975). At the same time we became more and more interested in 
interpreting this parameter not only in terms of circulatory 
properties of the venous system (venous capacity) but also in 
terms of the stiffness of the tissues involved. However, fact 
is that although the volume distensibility is relatively 
simple to interpret in circulation studies, additional infor-
mation is needed to interpret this parameter in mechanical 
terms. Questions such as which tissues are really involved and 
how is this parameter related to individual tissue properties 
or to specific tissue constituents, have to be answered. An 
extra complicating factor is that the answers to these questions 
will have to be given by experiments on these individual tissues 
on man in vivo. The in vivo applicability of experimental results 
from in vitro experiments is questioned by many authors. In fact 
answers to these questions can only be given by new sophisticated 
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measuring techniques of which it is imaginable that the ob-
tained results as such are even more important than their 
relationship with the volume distensibility. An obvious first 
step in investigating the mechanical properties of individual 
soft tissues is to investigate the properties of the human skin, 
since this tissue is the only tissue of the limb which can be 
touched from outside. As far as we know the functional signifi-
cance of the skin for the volume distensibility is unknown. Yet, 
elastic stockings have proved to be a good therapy in reducing 
blood circulation problems in a number of pathological condi-
tions and a corresponding pressurizing function of the skin in 
normal conditions is possible. Moreover, some clinicians have 
the impression that the properties of the skin have changed in 
pathological circulatory conditions (edema, varices). The skin 
of the calf has been chosen as the most suitable location to 
determine these properties. Not only because of its extensive-
ness but also because it can be expected that on this site its 
functional significance for the volume distensibility will be 
most dominant. 
In the literature a large number of methods have been described 
to determine the mechanical properties of the skin. These 
methods will be summed up in section 1.5. Unfortunately the 
results obtained with different measuring techniques appear to 
be incomprehensibly different. Furthermore in the small range 
of physiological deformations in vivo measurements are scarce. 
Difficulties in the interpretations of the experimental data with 
regard to the subcutaneous layers are prevented by only two 
methods acting in the plane of the skin; namely: uniaxial strain 
(Sodeman et al., 1938; Gibson et al., I969) a n d torsion (Vlasblom, 
1967; Finlay, I97O; Sanders, 1973). Vlasblom (1967) demonstrated 
that the bond with the subcutaneous layers can be neglected 
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in these kinds of experiments if the piece of skin under 
investigation is sufficiently small. 
However, if we calculate mechanical parameters (Young's moduli, 
shear moduli) from the results of these authors' experiments, 
it appears that, using the theory of a homogeneous isotropic 
medium, the values obtained by both methods differ considerabely. 
For that reason we decided to investigate the mechanical proper-
ties of the same skin area with each of the methods in order to 
establish whether or not the results of both methods differ. 
Once the differences would be demonstrated we hoped to find from 
a careful comparison of both results, some hints, some sugges-
tions how to explain and to interpret these results, taking into 
account the anisotropy and inhomogeneity of the skin and 
refering to the morphology and physiology. This study shows that 
these differences can indeed be demonstrated and that it is 
possible te derive a consistent interpretation of the results 
of both methods in terms of properties of the fibres involved. 
In Chapter 1 a survey will be presented of the morphology and 
physiology of the skin as far as these are relevant for the 
mechanical properties. In Chapter 2 some theoretical aspects 
concerning measurements of mechanical parameters will be sum-
marized. Meaning and definitions of alinearity, anisotropy, 
inhomogeneity, compressibility and viscoelasticity will be pre-
sented. In Chapter 3 the uniaxial strain method will be outlined 
in detail and a parameterization of the results will be presen-
ted. In Chapter k the torsion method is discussed. Chapter 5 
combines the results of uniaxial strain and torsion experiments 
and presents an interpretation in terms of a fibre model descrip-
tion. In Chapter 6 normal values of the mechanical properties 
of the skin are presented related to sex and age. These values 
form a frame of reference to which the results determined in 
pathological conditions can be compared. 
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Incidental results in pathological cases give accent to 
value and validity of skin parameters and model. Chapter 7 
couples back to the starting point of this thesis. In that 
chapter the correlations are presented between the mechanical 
properties of the skin and the volume distensibility of the 
limb. In the discussion of this chapter the results of 
this first step in investigating the mechanical properties 
of individual soft tissues of the limb will be debated . 
New projects will be suggested so that further progress can be 
made in this complex but also very fascinating field. 
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CHAPTER 1 SURVEY OF THE MORPHOLOGICAL AND PHYSIOLOGICAL 
PROPERTIES OF THE HUMAN SKIN IN A MECHANICAL 
POINT OF VIEW 
1.1 Introduction 
A description of the properties of the skin can be found in 
every dermatological textbook. However, as far as the mechani-
cal properties of the skin are concerned, a comparison of the 
textbooks reveals that a number of these properties differ from 
author to author. The main reason for this peculair situation 
is that different authors survey results of different kinds of 
experiments. It just depends on the confidence of an author in 
the more general validity of the results of specific experiments 
which description of the mechanical behaviour is favoured. 
It is not easy to derive general valid properties of the skin 
from specific experiments. Especially the inherent problems of 
in vitro or in vivo studies and assumptions such as homogeneity 
or isotropy, which can hardly be checked in most cases, will 
contribute to the general confusion which appears to exist. 
The objective of this chapter is to enumerate briefly some 
generally accepted skin properties which are of interest from 
a mechanical point of view and to elucidate how in our opinion 
the mechanical properties of the skin have to be studied; which 
kinds of suppositions and/or simplifications are legitimate 
and which are not. 
1.2. The composition of the skin 
In this section we will present a short survey of the compo-
sition of the skin, based primarily upon the textbook of 
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Montagna and Parakkal (197Ό· It will be made plausible that 
the fibres and the ground substance of the dermis are the most 
important constituents of the skin in a mechanical point of 
view. Broadly speaking the skin is a stratified tissue which is 
composed of the epidermis at the outer surface and a connec­
tive tissue layer, the dermis (also called cutis or corium) 
under it. Below the dermis there is a fatty layer of variable 
thickness, the panniculus adiposus, under which a flat sheet of 
skeletal muscle, the panniculus carnosus, can be found which 
separates the rest of the body tissues from the integument. 
Though well-developed in most mammals the panniculus carnosus 
is almost vestigial in man. The skin is bound by a bed of loose 
areolar tissue, the tela subcutanea, to the fasciae of super­
ficial skeletal muscles and bones and to other connective tissues. 
Both the epidermis and the dermis are also stratified in their 
own right. The epidermis is divided into an inner layer of 
living cells, the stratum Malpighii, and an outer layer of 
dead horny cells, the stratum corneum. The stratum Malpighii 
is conventionally subdivided into a one-cell deep basal layer, 
the stratum basale, in contact with the dermis, a spinous layer 
of variable thickness above it, the stratum spinosum, and a 
granular layer, the stratum granulosum, which contains kerato-
hyalin granules. In addition, in friction surfaces, there is a 
hyalin layer, the stratum lucidum, of variable thickness. The 
outer horny layer is composed of flattened cells which are 
firmly cemented together in friction surfaces. The epidermal 
cells are generated in the basal layer and rise on a casual, 
first-come basis. Adjacent columns of cells show some overlap. 
Especially in the non-friction surfaces of thin skin the cells 
look remarkably loose at the submicroscopical level. 
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The dermis consists basically of a complex network of loose 
connective tissue composed of the fibrous proteins - collagen, 
elastin and reticulin - embedded in an amorphous ground substance. 
This network is traversed by blood vessels, nerves and lympha-
tics and pierced by the epidermal appendages: eccrine sweat 
glands, apocrine glands and the pilosebaceous units. It con-
tains sparcely distributed cells (more in the upper papillary 
layer than in the lower reticular), which are predominantly 
fibroblasts with the potential to produce most, if not all, the 
components of the dermal connective tissue. Next in abundance 
are the mast cells; in addition, macrophages, melanocytes and 
extravasated leukocytes are often found. Macrophages parti-
cipate in collagen degradation. 
The dermis is a tough and resilient tissue with viscoelastic 
properties. Under the light microscope the collagen fibres 
resemble an irregular meshwork, oriented roughly parallel to 
the epidermis. At this level the dermis can be arbitrarily 
divided into an upper papillary layer or body of thin collagen 
fibres with larger interfibrillar spaces, which contain the 
ground substance, and a lower reticular layer composed of a 
network of thick collagen fibres· According to the majority 
of textbook authors the elastin in the skin is an obscure but 
important tissue component. Though rather low numbers are re-
ported for volume percentage and fat free dry weight (FFDW): 
1 and k% respectively (Weinstein et al., 1°6o), the relative 
abundance of elastic fibres is often called 'a neglected 
peculiarity of human skin' (Montagna and Parakkal, 197*0· 
The generally accepted knowledge about reticulin is even less 
than of elastin. 
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Some authors even doubt whether it actually exists or it has 
been considered as fine branching collagen fibres. The ground 
substance is normally considered as a sol or gel. In separate 
sections we will come back to the properties of the dermal compo­
nents: collagen, elastin, reticulin and ground substance. In the 
first decades of the 19th century Baron Dupuytren (1835) disco­
vered a peculiar property of the skin. He observed that the 
wounds in the skin of a man who had committed suicide with a 
round shaped awl were oblong instead of round. In retrospect 
it is remarkable that he continued his report with the military 
importance of his discovery instead of with the medical conse­
quences. Langer (1861) repeated this experiment systematically 
on the skin of cadavers. In an extremely conscientious way he 
mapped out the whole body surface and in this way he discovered 
that the Long axes of the wounds form a pattern: the so-called 
Langer's lines. In I969 certitude was obtained about the meaning 
of these lines (Gibson et al., I969). These lines are not lines 
of the maximal tension in the skin but indicators of the prefe­
rential direction of the fibres in the skin. Unfortunately even 
untili now this fundamental anisotropy in the skin is often ig­
nored in a number of biomechanical investigations. 
1.3 The components of the dermis 
1.3.1 Collagen 
As in mosb biological tissues the largest part of the fibrous 
proteins in the dermis consists of collagen. According to Wein­
stein et al. (1969) 77$ FFDW of the skin consists of these 
white-coloured and relatively stiff fibres. Young's moduli are 
Ο ρ 
reported of about 10 N.m . The arrangement of the collagen 
network can be seen with the scanning electron microscope 
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at relatively low power. Collagen fibrils, 10 to 15 um in dia-
meter, show cross striations with a periodicity of 61+ to 78 
nm and are woven into a mat of remarkable structural integrity 
and flexibility. At the level of the transmitting electron 
microscope the collagen in this network is found to be arranged 
hierarchically. In the same way as fibres consists of numerous 
fibrils, the fibrils themselves appear to consist of bundles of 
identical and parallel microfibrils, 30 to 6o nm in diameter. 
Bouteille and Pease (1971) have shown that also the micro-
fibrils consist of bundles of ultrathin filaments only 3 to 5 
nm in diameter. Since this is too large to be a single collagen 
molecule {"\.h nm in diameter) it probably represents an aggre-
gation of 3 to 5 molecules in cross section. The individual 
collagen molecule, tropocollagen, is a rod-shaped triple helix 
about 290 nm long which has five charged regions 68 nm apart. 
The periodicity in collagen filaments is explained by the regis-
tration of these charged regions on laterally adjacent molecules 
which are aligned in the same direction with an approximate 
quarter stagger between their like ends. The three polypeptide 
chains making up the triple helix twist to the left, unlike the 
tropocollagen helix itself, which has a right-handed twist. 
These opposing twists resist lengthwise deformation , thus con-
tributing to the tensile strength of the molecule. Within a 
filament the tensile strength is increased even more by the 
covaient bonding between laterally and longitudinally adjacent 
molecules (Kühn, I969). As the collagen ages the degree of 
covalent cross linking and the number of intermolecular links 
increase and thereby the fibres and the skin become less exten-
sible, (Kenedi et al., 1975) although the collagen content 
decreases with age (Shuster et al., 1975). 
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Copper deprivation and penicillamine administration decreases 
the collagen cross linking. 
1.3-2 Elastin 
Elastin fibres are found in various tissues. They behave like 
an elastomer, are known as purely elastic (Carton et al., I962), 
б -2 
have a low coefficient of elasticity (5 x 10 N.m , Daly 
(1969)) and recover their original dimensions even after con­
siderable deformations (more than 100%, Lee et al., 1971). 
Elastin fibres consist of two components, an inner "medulla" and 
an outer "cortex" of microfibrils (Ross et al., I969)· Unlike 
the ultrastructure of collagen the medulla is non fibrillar and 
homogeneous.Elastin has an extraordinary hydrothermal stability. 
Whereas collagen is completely solubilized to gelatin in boiling 
water, elastin is not. The unique amino acids, desmosine and 
isodesmosine, form a special kind of cross-link within the mole­
cule. This cross-linking of peptide chains confers upon elastin 
a structure similar to that of rubber, where long chained mole­
cules are united into a loose three-dimensional network by 
widely spaced covalent cross-links. 
Aging elastin gradually becomes calcified. It can break down 
by some proteolytic enzymes. According to Dick (1951) the fibres 
degenerate, the ends crumble and irregular thickenings arise. 
The elastin content increases with age. However, the functional­
ly involved (non-degenerated) part of the elastin content 
decreases with age. Elastin fibres form a yellow meshwork with 
a really fine distribution. Whereas the collagen fibres are 
considered to have a function in the protection of the body 
against external injury, the elastin fibres are thought to restore 
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the original morphology of the collagen network after defor-
mation. End to side junctions of elastin fibres on collagen 
are common and probably provide fixed points from which the 
fibres may act. Many elastin fibres are looped spirally around 
collagen fibres (Gibson et al., I967)· 
1.3.3 Reticulin 
Reticulin fibres are present in minute quantities. They are 
very difficult to separate from collagen. The same cross 
striations as the collagen filaments can be observed. Whereas 
the collagen fibres are coarse bundles reticulin shows a fine 
branching. Besides some chemical differences with collagen 
reticulin contains large quantities of firmly bound fatty acid. 
A median diameter of a reticulin fibre is h nm. The stiffness 
of these white fibres is unknown. 
1.3·^ Ground substance 
The ground substance is a multicomponent system of substances 
derived from the blood, metabolic products of parenchymal 
cells and metabolic products of connective tissue cells 
(Dorfman, 1953). There is no discernible free fluid in the 
ground substance because the glycosaminoglycan components are 
hydrophilic and bind water. One of the glycosaminoglycans in 
skin is hyaluronate. According to Palfrey et al. (1968) hyalu-
ronate in solution has a viscosity which depends in a complex 
way on the velocity and the history of deformation. The ability 
to bind water decreases with age (Dinnar, 19T0; Lindner, 
1972). Whether or not the ground substance plays a role in 
the viscoelastic behaviour of the skin is unknown. 
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Our findings in this respect will Ъе presented in chapter 5» 
1.U A functional description of the skin 
In the previous sections it is shown that the skin is a very 
complex tissue. At first sight it is not clear which parts 
or which constituents of the skin are responsible for the in 
vivo viscoelastic properties we wish to determine. The epi­
dermis has a thickness of only one tenth of the thickness of 
the dermis. Since the cells in the epidermis are only loosely 
packed in non-friction surfaces one may assume that in these 
areas (and thus also in our location: the skin of the calf) 
the epidermis does not play a major role in the mechanical 
stiffness of the skin. In friction surfaces the epidermis is 
much thicker and more firmly packed and can certainly not he 
ignored. From the way the skin is bound at most places with 
the tissues underneath, a bond of loose areolar tissue, one 
may suppose, as far as small areas of skin and small defor­
mations are involved, that neither this areolar tissue nor the 
subcutaneous tissues determine the stiffness of the skin. 
In non-friction surfaces the dermis remains as the only tissue 
which can substantially resist external forces. As a matter of 
fact the dermis is a uniquely constructed tissue which is 
designed in such a way that it can resist stress, shearing, 
tearing and localised pressure and which is still flexible 
enough to allow joint movements and local stretching. The 
explanation of these typical mechanical properties of the 
dermis and thus of the skin has to be found in its fibrous 
structure (Kenedi et al., 1975)· The open network of thick 
collagen bundles makes it possible to orientate these bundles 
in the direction of the stress. 
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Once the collagen is aligned the skin becomes as stiff as the 
collagen itself. This causes a high tensile strength and re-
sults in an excellent prevention against tearing. For lower 
external forces these collagen fibres do not or hardly become 
stretched but merely orientated along the line of stretch. 
With these smaller external forces the supple elastin network 
is under tension. It is thought that in this elastin network 
the energy is stored which enables the orientated collagen net-
work to regain its normal organization and to return to the 
resting state after mechanical distortion. However, it is also 
possible that a structural effect in the orientating collagen 
fibres is responsible for this energy storage (only a stretch 
of some collagen fibres), or that both effects occur together. 
In our range of interest of small deformations both the orien-
tation of the collagen fibres and the tension of the elastin 
fibres will take place. Alinear properties in the response of 
the skin will have to be explained either by structural or by 
typical fibre properties. Viscoelastic properties (= time 
dependent) will have to be attributed either to the orienta-
tion of the collagen bundles through the interstitium or to 
viscoelastic properties of the fibres (collagen and/or elastin) 
themselves. Anisotropic properties will have to be attributed 
to preferential directions of the fibres. Due to the orienta-
tion of the collagen network it should not be surprising at 
all if the anisotropy depends on the magnitude of the defor-
mation. The intrinsic inhomogeneity of an open network struc-
ture makes it questionable whether the skin can be considered 
as a homogenous medium or not (Gibson et al., I967)· 
In Chapter 2 we will go into this complex matter in detail. 
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1.5 The experimental approach 
Investigators have proved to be very inventive in developing 
experimental techniques te determine the mechanical properties 
of the human skin. A large number of measuring techniques are 
reported both from experiments in vivo and in vitro. A survey 
of all the techniques known to us is presented in table 1.1. 
Quantitative results in vivo are only obtained by uniaxial 
strain, torsion, indentation and suction experiments. The value 
of indentation experiments in determining skin properties is 
doubted by many authors. Also in our opinion the influence of 
the subcutaneous tissues on the results must not be neglected 
in such experiments. Some authors doubt the value of suction 
experiments for the same reason. We do not subscribe to this 
viow but we like to underline the opinion of some critics that 
some uncertainty exists about the magnitude of the stress on 
the dermis at the edges of the suction cup. However that may 
be, Vlasblom (1967) has shown that in plane experiments 
(torsion, uniaxial strain) the influence of the subcutaneous 
tissues can be ignored and that skin properties can be deter-
mined properly. The results found with different measuring 
techniques differ considerably in quantitative respect. 
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UNIAXIAL STRAIN 
BIAXIAL LOADING 
MULTIDIRECTIONAL LOADING 
TORSION 
RELAXATION 
CONDUCTIVITY 
STRETCHING 
ELEVATION 
INDENTATION 
COMPRESSION 
SUCTION 
IMPEDANCE 
SKINFOLD 
WOUND HEALING 
PUNCTURE 
BLANCHING 
ELECTRON MICROSCOPY 
in v ivo 
X 
X 
• 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
in v i t r o 
X 
X 
X 
• 
• 
X 
• 
X 
X 
X 
X 
Sodeman and Burch ( 1 9 3 8 ) , R o l l h a u s e r ( 1 9 5 0 ) , J a n s s e n a n d R o t t i e r ( 1 9 5 8 ) , Kenedi 
e t a l . ( 1 9 6 5 ) , R i d g e and Wright ( 1 9 6 5 ) , Fung ( 1 9 6 7 ) , D a l y ( 1 9 6 9 ) , B u r l i n ( .1977) 
Lanir and Fung ( 1 9 7 4 , 1 9 7 4 a ) , L a n i r ( 1 9 7 9 ) , B r o d y e t a l . ( 1 9 7 9 ) 
R a g n e l l ( 1 9 5 4 ) 
V lasb lom ( 1 9 6 7 , 1 9 6 7 a ) , S a n d e r s ( 1 9 7 1 , 1 9 7 3 ) , F i n l e y ( 1 9 7 0 , 1 9 7 1 ) , B a r b e n e l e t 
a l . ( 1 9 7 3 ) 
Doerks ( 1 9 4 8 ) 
T r o n n i e r and Wagener ( 1 9 5 2 ) 
Dick ( 1 9 5 1 ) 
P i é r a r d and L a p i ê r e ( 1 9 7 6 ) , D i k s t e i n ( 1 9 7 9 ) 
Schade ( 1 9 1 2 ) , Kirk and K v o r n i n g ( 1 9 4 9 ) , T r e g e a r ( 1 9 6 6 ) 
Sakata e t a l . ( 1 9 7 2 ) 
Granarne and H o l t ( 1 9 6 9 ) , A l e x a n d e r e t a l . ( 1 9 7 3 ) 
Thompson e t a l . ( 1 9 7 9 ) 
Lewis e t a l . ( 1 9 6 5 ) 
F o r r e s t e r e t a l . ( 1 9 6 7 ) , Ryan and Kurban ( 1 9 7 0 ) , W h i t e e t a l . ( 1 9 7 1 ) , W i l l i a m s 
and H a r r i s o n ( 1 9 7 7 ) 
Dupuytren ( 1 8 3 5 ) , L a n g e r ( 1 8 6 1 ) 
Kenedi ( 1 9 7 1 ) , Evans and S i e s e n o p ( 1 9 6 7 ) 
Gross ( 1 9 4 9 ) , C r a i c k and M c N e i l ( 1 9 6 6 ) , V i i d i k a n d E k h o l m ( 1 9 6 8 ) , F i n l a y ( 1 9 6 9 ) , 
Brown ( 1 9 7 2 ) , S t a d l e r and O r f a n o s ( 1 9 7 8 ) 
Table I.I Survey of measuring techniques to determine the mechanical p r o p e r t i e s of the human s k i n 
IO 7 _ 
IO6 -
IO» 
10« 
Suction 
Uniaxial strain 
:
 Γ 
Torsion 
Dorsal side 
right forearm 
•1*°· 
• man 
. woman 
SO 
age (years) 
m
 100 
Fig.1.1 Skin stiffness as determined in suction, uniaxial 
strain and torsion measurements (after Sanders, 
(197D). 
3U 
As an example fig. 1.1 shows the coefficients of elasticity 
of the skin as obtained in uniaxial strain, torsion and 
suctions experiments. Apparently skin stiffness depends 
on the measuring technique applied. The very high coefficient 
of elasticity in suction experiments might be explained as 
follows : 
- The load applied to the skin is so high that the 
data found are the results of stretched aligned colla-
gen fibres. 
- The bond with the subcutaneous tissues is involved. 
- The coefficient of elasticity is determined assuming 
homogeneity of the skin; i.e. it is assumed that the 
skin behaves like a sheet of rubber. 
Especially the first argument makes sense, since the total 
negative pressure has to be counterbalanced by the stress 
in the skin at the edge of the suction cup. Unfortunately 
results related to the dimensions of the suction cup are 
never reported. The discrepancy between the results found in 
torsion and uniaxial strain is much more difficult to explain. 
Both kinds of experiments were performed for rather small 
deformations on relatively small pieces of skin. Apparently 
the skin is more easily sheared than strained by external 
forces. This hypothesis can only be verified by performing 
both uniaxial strain and torsion experiments on the same 
piece of skin. For, it is well known that skin stiffness 
depends on the location (Sodeman et al., 1938) and that sub-
stantial interindividual differences can exist. Moreover, 
the anisotropy of the skin has to be taken into account. 
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CHAPTER 2 THEORETICAL ASPECTS OF MEASURING ON AN ALINEAR 
ANISOTROPIC INHOMOGENEOUS VISCOELASTIC MEDIUM 
2.1 Introduction 
In this chapter a short survey will be presented of some theo­
retical aspects which are of interest for a characterization 
of the mechanical properties of the skin. In section 2.2 some 
basic principles of the theory of elasticity are discussed. 
From this general theory the concept of an orthotropic sheet 
is derived, a concept which seems to be applicable to human 
skin. In the following sections viscoelasticity, alinearity, 
anisotropy and inhomogeneity are defined and discussed succes­
sively. Finally in section 2.7 a discussion is given about a 
meaningful application of advanced mechanical theories to soft 
tissues like the human skin. 
2.2 Theory of elasticity 
2.2.1 Stress 
In a medium the tension which is excerted on the faces of a 
small cube Лх.Ду.Дг can be characterized by the tension vectors 
on the faces which in general will not have a direction perpen­
dicular to the face on which they act. Each tension vector 
induces a second tension vector on the opposite face of equal 
size and opposite direction, otherwise the cube would shift in 
the medium. Tension vectors and their components always have a 
subscript indicating the face on which they act. Faces are 
indicated by the name of the main axis perpendicular to the 
face. Components of a tension vector parallel to the face are 
called shear stress, the component perpendicular to the face 
1+7 
is called stress. A second subscript indicates the direction 
of the component. In most cases it is convenient to select the 
main axes of the cube in correspondence with the direction of 
tension but this is certainly not necessary and indeed not 
advisable in cases of anisotropic media. 
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Fig. 2.1 The tension vector S on the χ = Δχ face and its compo­
nents: the shear stresses τ and τ and the stress σ . 
Xy XZ XX 
Fig. 2.1 shows as an example the tension vector S on the χ = Δχ face 
The components of this vector are the shear stresses τ and τ and 
Xy XZi 
the stress σ . Every (shear) stress component is equal to the 
corresponding force component divided by the cross-sectional area 
on which it acts (in fig. 2.1 the area Ay.Az). 
1+8 
The tension in every point can be defined by the tension 
vectors S , S and S . Usually these three vectors are 
x y ζ 
written in a matrix notation, the so-called Cauchy's 
stress tensor T: 
Τ = 
XX 
ух 
zx 
xy 
УУ 
zy 
xz 
yz 
zz 
(2-1) 
Since rotation of the cube cannot be accepted Τ is 
symmetric (Malvern , I969)· The symmetry of Τ reduces 
the number of independent components from 9 to 6. 
These 6 components are often written in a so-called 
stress vector σ: 
.л. 
σ = 
XX 
УУ 
zz 
xy 
yz 
zx 
(2-2) 
2.2.2 Strain 
Changes in tension on the faces of a small cube Дх.Ау.Дг 
will deform the cube. In general, a deformation means a 
chance in distance between two points in the medium. 
Deformation is the only mechanism in the medium which can 
keep the steady state condition of the medium after changes in 
tension. Only if the deformations are relatively small, can 
they be studied apart from translation and rotation of the 
medium (Malvern, I969). Two different kinds of deformation 
can be distinguished: uniaxial strain and shear strain. 
ду 
Δ Ζ ^ 
Y 
1 
.|f-
1 
1 
1 
*"»" 
• ** 
σ
χ 
X 
XX 
AX 
ли, 
Fig. 2.2 Uniaxial strain in the x-direction. 
U niaxial strain is defined as the relative change in length of 
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the edges of a cube Ax.Ay.Az. Fig. 2.2 shows an example of 
a relative change in length in the x-direction due to a 
stress σ . The uniaxial strain in the x-direction is equal 
xx 
to Au /Ax. For an infinitesimal cube the strain (ε ) 
Χ XX 
is given by: 
XX 
Эй 
Эх 
(2-3) 
ε and ε are defined in a similar way. 
yy zz 
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Fis. 2.3 Shear strain due to shear stress τ accor-
ь
 xy 
ding to the pure shear definition 
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The definition of shear strain can be clarified by fig. 
2.3. Suppose a shear stress τ on the χ = Δχ face. 
xy 
The edge Δχ is deformed in the y-direction along a distance 
Ли . The induced shear stress τ on the у = Ду face causes 
у ух 
the edge Лу to deform in the x-direction along a distance 
Ли . When these deformations are small the deformation angles 
χ 
θ1 and θ„ are equal to Ли /Δχ and Ли /Лу respectively. When 
the cube is infinitesimal Θ.. and θ_ can be defined as: 
Эй Эй 
θ1 - - ϊ , θ. = - ϊ (2-U) 
Эх Эу 
The shear angle γ is defined as the sum of Θ. and ^: &
 'xy 1 2 
Эй Эй 
γ = 5-ϊ + *г2 (2-5) 
'xy Эх Эу 
and the shear strain e is defined as half the shear angle 
xy 
Эй Эй 
ε
 » J ( У + * ) (2-6) 
xy ¿ Эх Эу 
One can see by the definitions (2-5) and (2-6) that γ = γ 
xy ух 
and ε = ε .γ , γ , ε and ε are defined analogously, 
xy ух yz ζχ yz zx 
The factor 5 in equation 2-6 makes it possible te describe the 
deformation in each point with a second order strain tensor e: 
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e = 
xx 
ух 
ху 
УУ 
XZ 
yz (2-7) 
zx zy zz 
From the symmetry of e it can be concluded that in every 
point of the medium it is possible te construct three orthogonal 
axes with which e has only non-zero values on the diagonal. The 
directions of these axes are a property of the medium. They are 
called the principle axes of strain. In general they will not 
coincide with the principle axes of stress which can be con­
structed from matrix 2-1. When we speak in this thesis about 
the principle axes in the medium or about the principle direc­
tions of the medium we are always referring to the principle 
axes of strain. The 6 independant components of e are often 
written in a so-called strain vector e. Usually the following 
choice is made: 
ε = 
ε 
XX 
ε 
УУ 
ε 
ζ ζ 
γ 
ху 
V 
Ύ
ζ χ 
(2-8) 
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The shear as defined in fig. 2.3 is called pure shear. It is 
also possible to derive the same expressions from another con­
figuration. If we rotate the deformed cube of fig. 2.3 with 
the angle Θ.. to the x-axis a new representation of shear is 
given which is called natural shear. The shear angle γ still 
9 u
x 
equals θ,+θ,. and ε = \ (
 ч
+ ^) = я — . When we derive the 1 2 xy 1 2 Эу 
description of the torsion experiment we will need this other 
configuration. The 6 components of the strain vector "e are, 
unlike the stress vector σ, not independent of each other. They 
have to follow the rules of compatibility of Saint-Venant. 
Further details about this subject can be found in every 
mechanical textbook, for instance Green and Adkins (i960) or 
Malvern (1969). 
2.2.3 Elasticity 
In the preceding sections the tension on and the deformation 
of an infinitesimal cube have been described. In this descrip­
tion of small deformations only two suppositions have been made: 
the cube is not allowed tb shift or to rotate in the medium. 
The shift and/or rotation of the medium as a whole have not been 
brought into consideration. These two suppositions can be 
qualified by the term continuity. Typical properties of the 
medium like inhomogeneity, anisotropy , alinearity or visco-
elasticity have to be taken into account when one tries to 
determine the mechanical properties of the medium or, what is 
the same, to determine the relationship between the stress 
vector σ and the strain vector "e. For each infinitesimal ele­
ment every stress component can be related to every strain 
component. 
5* 
Assuming homogeneity, linearity and instantaneously elasticity, 
σ and ε can be related by a matrix E which contains the mechani­
cal properties of the medium (Muskhelishvili, 195Ό: 
σ = E.e (2-9) 
This equation is known as generalised Hooke's law. Written down 
equation 2-9 gives: 
xx 
УУ 
zz 
xy 
yz 
zx 
'11 
C, 21 
'31 
'U1 
'51 
:6i 
'12 
22 
'32 
'52 
'13 
'23 
'33 
'53 
'1U 
:2l+ 
'3U 
'5U 
'15 
'25 
'35 
'U2 Чз 4U 45 
'55 
'62 6^3 64 иб5 
16 
26 
36 
1+6 
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é 
• 
ε 
XX 
'ε 
УУ 
ε 
ζ ζ 
^ху 
"fyz 
^ Z X 
. 
(2-10) 
The Зб constants of E are all coefficients of elasticity (unit: 
-2 N.m ). Together they can deal with any kind of anisotropy. 
However, if the medium is inhomogeneous all constants will 
change from infinitesimal element to infinitesimal element. 
If the medium is alinear all constants are operators on the 
stress or on the strain. If the medium is viscoelastic all con­
stants are time dependent operators. It will be obvious that this 
general approach is too complex to use in studying a tissue 
like skin and that a complete characterization of the mechanical 
properties of the skin is out of reach. 
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Before we continue with the theoretical approach of describing 
the properties of the skin we should like to mention 
first that the additional assumption of isotropy drastically 
reduces the number of independent coefficients of E from 36 
to 2. The result is as follows (Muskhelisvili, 195*0 : 
XX 
УУ 
zz 
xy 
yz 
zx 
λ + 2G λ λ О 
λ λ + 2G λ 0 
λ λ λ + 2G 0 
0 0 0 G 
0 0 0 0 
0 0 0 0 
0 
0 
0 
0 
G 
0 
0 
0 
0 
0 
0 
G 
XX 
УУ 
zz 
ху 
'yz 
Ύ, 
zx 
(2-11) 
λ and G are the so-called constants of Lamé, G is also known 
as 'the' shear modulus. It is also possible to express the 
strain vector as an operation on the stress vector: 
e 
XX 
ε 
УУ 
ε 
zz 
Y
* y 
V 
Ύ
ζ χ 
. 
f 
= 
E 
V 
E 
V 
E 
0 
V 
E 
E 
V 
E 
0 
у 
E 
у 
E j_ 
E 
0 
0 
0 
0 
0 
o 
2(V+1) 
E 
0 
0 
0 
0 
0 
0 
2(V+1) 
E 
0 
0 
0 
0 
0 
2 ( V + 1 ) 
E 
Г ' 
σ 
XX 
σ 
УУ 
σ 
zz 
τ 
ху 
τ yz 
τ 
zx 
> 
(2-12) 
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E is the well-known Young's modulus, 'the' coefficient of 
elasticity, ν is the so-called Poisson-ratio, a lateral con­
traction coefficient. 
Of course λ and G are related to E and V: 
G =
 2(^TT ( 2 - 1 3 ) 
, _ E .V (2-1U) 
λ
 ~ (V+1).(1-2V) 
The comparison of (2-11) with (2-12) shows that if we apply 
a strain ε on a medium, the resulting stress σ in that 
XX XX 
direction equals (X+2G). ε , and that if we apply a stress 
*? . 1 
σ on a medium, the resulting strain ε equals — .σ 
XX XX _, Γι XX 
According to (2-13) and (2-lU) X+2G equals ^ T ( 1 + Л г ) which 
is not equal to E. So, applying a strain and detecting the 
resulting stress is different from applying a stress and 
detecting the resulting strain. Only in the latter case can 
the Young's modulus be calculated directly from the experiment. 
In case of a shear experiment (2-11) and (2-12) show that in­
dependent of what is detected and what is applied the shear 
modulus G can always be calculated directly from the 
experiment (2-13). 
The most convenient way to determine E and G is to apply a 
load in a uniaxial strain and in a torsion experiment and to 
detect the resulting deformations. Since the Poisson ratio 
V is always in the range 0.0<v<0.5 (0.0 for a medium without 
lateral contraction and 0.5 for a completely incompressible 
medium) it follows from (2-13) that the ratio of E to G always 
has to be in the range between 2 and 3 for a homogeneous 
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isotropie medium. From this homogeneous isotropic theory one 
can conclude that the first goal in determining the mechanical 
properties of the skin is to try and determine the values of 
E and G, refraining from anisotropy, alinearity and visco-
elasticity. Looking back to the (functional) description of 
the skin in chapter 1 it seems that we are allowed to make 
the following simplifications in the general theory of elasticity: 
- Because of the stratification of the skin and 
also because of the experimental limitation 
of in plane measurements the skin has to be 
considered as a sheet. Defining the x- and 
y- coordinates in plane and the z-coordinate 
perpendicular to the skin surface, one can 
state that in the z-direction the skin is in-
homogeneous. According to the functional des­
cription only a part of the volume of the 
dermis, the elastin and collagen fibres, will 
be responsible for the mechanical properties 
of the skin. This inhomogeneity is the reason 
that experimentally you can only speak about the 
mean stress, averaged over the thickness (= a) 
of the sheet. So, in our work g means: 
XX 
- . 
2 
1 
a 
σ .dz. (2-15) 
xx 
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-a 
2 
In such circumstances, which are known as 'genera­
lized plane stress', the stress components in the 
z-direction are equal to zero, i.e. σ , τ and 
2*2· jf Zi 
τ are zero (Malvern, I969)· 
zx 
σ and τ are defined correspondingly 
yy xy 
2-15· Furthermore the shear strain components 
γ and γ are zero but e does not equal yz 'zx zz 
zero. Lateral contraction in the z-direction 
is still possible. 
- The preferential direction of the fibres in 
the skin is the cause of a fundamental aniso-
tropy. Since only one preferential direction 
exists one can expect that two perpendicular 
axes of elastic symmetry (= orthotropy) exist 
in the skin, one in the preferential direction 
of the fibres (= x-direction) and one perpendi­
cular to this direction (= y-direction): the 
principle axes of the medium. 
Combining both simplifications the skin is considered as an 
orthotropic sheet (Hearmon, (I96I), Lanir and Fung (197Ό)· 
When the principle directions of stress coincide with the 
principle directions of the medium the following matrix can be 
derived: 
ε 
XX 
e 
УУ 
^xy 
= 
D11 D12 
D21 D22 
' 
kk 
, 
σ 
XX 
σ 
УУ 
τ 
xy 
ь 
(2-16) 
ε equals D_..a + ϋ„.σ 
zz 31 xx 32 yy 
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If we compare this matrix with the matrix which can be 
derived for a homogeneous isotropic sheet: 
XX 
УУ 
γ 
xy 
J_ 
E 
-V 
E 
0 
- V 
E 
1 
E 
0 
' 
0 
0 
2 ( V + 1 ) 
E 
' V 
σ XX 
σ 
УУ 
τ 
xyj 
(2-17) 
And with reference to equation 2-13, it is plausible to 
rewrite the coefficients of the matrix in 2-16 as follows: 
D 11 ' ' D 2 2 = E ' D 
xx УУ 
kk 1 ' D12 ~ D21 = E 
xy xy 
E is the Young's modulus of the sheet by measurements in the 
x-direction. G is the shear modulus of the medium when 
xy 
applying a shear stress in x- or y-direction. When applying 
shear stresses in other directions than the principle axes 
of strain the shear modulus will not equal to G 
xy. 
We will come back to this subject in the description of the 
torsion experiments in chapter h . E is a parameter which has 
to do with the lateral contraction. Considerations about 
energy and the existence of a strain energy function (Malvern, 
1969) show that the matrices which contain the mechanical 
properties of the medium are symmetric, so D 1 ? = Dpi· 
-1 -1 Analogously D and D can be rewritten as — — and — — 
31 i¿ -Ь •Ь. 
respectively. zx yz 
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After these substitutions 2-16 is changed in: 
xx 
УУ 
xy 
1 
E 
XX 
-1 
E 
ху 
0 
-1 
E 
ху 
1 
E 
УУ 
0 
υ 
0 
ι 
ху 
χχ 
УУ 
ху 
(2-18) 
and e 
zz 
-1 _,_ -1 
Ε χχ E yy 
zx yz (2-19) 
E , E and E are lateral contraction parameters which 
ху ух zx 
are almost impossible to measure on the skin in vivo. E and 
xx 
E can be determined in uniaxial strain experiments in the 
<J <J 
principle directions of strain, thus along and across Langer's 
lines. In the folioving of this thesis the subscripts along 
( = ll) and across (=l) will be used in stead of xx and yy in all 
experimental results. Notwithstanding the difficulties 
mentioned above G can be determined in a torsion 
xy 
experiment. If the skin is viscoelastic Ец, Ej_ and G are not 
constants but time dependent operators. If the skin is alinear 
Ец, Ej_ and G are stress or strain dependent operators. In 
such conditions the anisotropy has to be expressed in the aniso­
tropy of the descriptive parameters of the viscoelastic and 
alinear behaviour. 
2.3. Viscoelasticity 
Viscoelasticity is, as the name indicates, a combination of 
the properties and the behaviour of elasticity and viscosity. 
In section 2.2.3 we have dealt with elasticity. 
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For a linear medium it has been shown that each stress­
and straincomponent is coupled with a coefficient of elas­
ticity. As an example we will now consider a one-dimensional 
configuration. When we apply a stress on a purely elastic 
bar and detect the strain equation (2-9) can be rewritten as: 
σ = Ε .ε (2-20) 
In viscoelastic models a medium that follows equation (2-20) 
is represented by a spring. 
In hydrodynamics an ideal viscous fluid can be characterized 
by Newton's law. The stress is proportional to the first 
derivate of the strain: 
σ = η.έ (2-21) 
η is the coefficient of viscosity of the fluid. An element 
with a purely viscous characteristic (behaviour as 2-21) is 
represented by a dashpot. 
The behaviour of linear viscoelastic media is a mixture of 
the two simple cases described by (2-20) and (2-21). By 
combining springs and dashpots more complicated models can 
be built up, from which possible patterns of viscoelastic 
behaviour can be read. Whether a given medium performs 
according to one or another of these patterns is a question 
to be resolved by experimental testing. If it does, we can 
apply the theory. As an example how to use this theory we will 
shortly present the description of a simple composite model: 
a spring and a dashpot in parallel, the so-called Kelvin/ 
Voigt solid (fig. 2.U). 
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spring «, 
гЛЛАЛ 
dashpot 
σ. 
σ 
Fig. 2.It An example of a viscoelastic model: The Kelvin/ 
Voigt-solid. 
σ = Ε.ε 
σ2 = η.έ 
From fig. 2.h it can he read that 
(2-22) 
(2-23) 
and that 
σ = σ1 + σ 2 (2-2U) 
Substitution of (2-22) and (2-23) in (2-2U) leads to the 
differential equation: 
σ = Ε.ε + η.έ (2-25) 
which can also be rewritten as 
О = Ε·ε (2-26) 
г · d 
in which L is the time dependent operator Ε + Π·ΤΓ· 
With equation (2-25) the response of the model to every stress 
input can be calculated. Laplace or Fourier transformation 
are the most commonly used techniques for this calculation. 
The selection of the shape of the stress input depends on 
the experimental design. From the simple input functions which 
are commonly used the Dirac delta function can hardly be 
realised experimentally. A sinusoidal input has the disadvan­
tage of a complex procedure to determine the model parameters. 
A stepfunction can fairly well be realised and offers a relative­
ly simple procedure of parameter determination. A stepfunction 
has also a great advantage compared with a sinusoidal input 
in cases of alinearity.Alinearity causes a deformed sinusoidal 
output which disturbes the phase shift detection of the response, 
while this alinearity can be studied simply by comparing the 
amplitudes of the stepresponse using different magnitudes of 
the stress. For these reasons we have decided to investigate the 
skin with a number of stepfunctions of different magnitudes. 
Some seconds after the onset of the stepfunction the stress is 
switched off. The subsequent response in the time after loading 
can also be studied and gives a second determination of the 
model parameters. In the following we will call this a square 
stress function with a duration of Τ seconds. 
The response of the Kelvin/Voigt solid, equation (2-25), to a 
square stress (o(t) = 0, t<0, o(t) = σ' 0<t<T, o(t) = 0 
t>T) is as follows (fig. 2.5)·. 
6U 
4 
Fig. 2.5 The response of the Kelvin/Voigt-solid to a 
square stress 
During loading 0<t<T 
e(t) = | · ( 
After loading t>T 
e
(t) = | . (1 - exp (^))·σ· 
with 
e(t) = | . (1 - exp (=^))·σ· 
L
 E 
exp 
- (t - Τ) 
(2-27) 
(2-28) 
(2-29) 
If we consider the response in fig. 2.5 not as the response 
of the model but as the result of an experiment on a medium of 
which it is known that its viscoelastic behaviour can be 
characterized by the Kelvin/Voigt solid, one can see that 
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the parameters E and τ, thus E and η, can simply be deter­
mined from a fitting procedure both during the load and after 
loading. Only with a thorough knowledge of the theory of 
viscoelasticity and a careful examination of the response of 
the skin can suggestions be given about a model describing 
the viscoelastic properties of the skin. Apter et al. (I968), 
Jamison et al. (1968), Viidik ( I968), Frisen et al. (1969) 
and Dinnar (1970) have suggested viscoelastic models for soft 
tissues like skin. Flügge (1967) wrote an excellent textbook 
on viscoelasticity. When one is not interested in the time 
dependent behaviour of a viscoelastic medium one can ignore 
this behaviour by making an agreement about the time after 
the onset of a stepwise stress when the strain is to be 
measured. Usually a period of 10 seconds is chosen. This 
'Young's modulus' E is thus defined as follows: 
Eio=F- (2"30) 
ε10 
2.k Alinearity 
Alinearity, also called non-linearity, in a medium means that 
the ratio between stress and strain is not constant, but de­
pends on the magnitude of the stress and strain. In all media 
a range of stresses can be indicated in which the behaviour of 
the medium is alinear. The specific shape of the stress-strain 
relationship is a typical property of the medium and bears in­
formation about structure, components and bonding. It is only 
in certain ranges of stress of some media that one can speak in 
good approximation of a linear behaviour. Although in principle 
alinear behaviour can be described in many ways, 
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a desirable limitation of the number of parameters diminishes 
the number of suitable descriptions of a specific alinear 
behaviour considerably. As far as the mechanical properties 
of soft tissues are concerned, the following kinds of formu­
lations are suggested in the literature: 
1. Exponential or logarithmic equations. a(:)exp (η.ε) or 
e(:) Ιη(η.σ). Ridge and Wright, I965, Fung, I967, 
Blatz et al., I969, Fung et al., 1972. Snijder, 1972, 
Sakata et al., 1972. 
2. 'Power law's'. σ(:)ε . Kenedi et al., I965, Ridge and 
Wright, 1965, Blatz et al., 1969. 
3. Langevin-functions based on elastomer theory. 
Treloar, 1958, King, i960. 
It is our impression that the first two kinds of formulation 
are followed by far more authors than the third one. An exami­
nation of the kinds of tissues to which these formulations 
are applied shows that an exponential equation is mostly used 
on elastin dominant media whereas the power law description 
is used if collagen is dominant. Ridge and Wright (1965) propose 
an exponential equation for the skin at lower stress values 
and a power law for higher stress. Our choice will be made in 
chapter 3 on the basis of our results. 
For viscoelastic media each model parameter can be alinear . 
Therefore it is a fair characterization of the alinear visco­
elastic behaviour, to represent each viscoelastic parameter of 
the medium with the descriptive parameters of its alinearity. 
In contrast with viscoelastic behaviour in which it is possible 
to speak of the coefficients of elasticity and viscosity, 
alinear behaviour makes it possible to speak of such coefficients. 
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The stiffness of the medium at a given stress value can 
be defined in two ways: 
- as the ratio of stress and strain, the so-called secant 
modulus : 
E = ^  (2-31) 
- as the derivative of the stress to the strain, the tangent 
modulus : 
F,_ do (2-32) 
E
 - de 
Equation (2-32) has the theoretical advantage of being the 
dynamic stiffness of the medium at the given stress. In our 
experiments, using square loads, the former is easy to deter­
mine whereas the latter demands a large number of measurements. 
In the following, stiffness parameters calculated in the second 
way will always have an additional ' to the symbol. 
Coefficients of elasticity of an alinear medium can only be pre­
sented at a given stress or strain value. It is common use to 
present the initial coefficient of elasticity at zero stress: 
E» = φ (2-33) 
The subscript is often ignored when it is clear that an 
initial coeffient of elasticity is meant. 
2.5 Anisotropy 
Anisotropy in a medium means that the properties of that medium 
are angle-dependent. In an orthotropic sheet (see section 2.2.3) 
anisotropy means that the properties of the sheet gradually change 
from an extreme value in one principle direction of the medium 
to another extreme value in the other principle direction when 
we change the direction of stress with respect to these 
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principle directions. In a medium like skin in which the 
fibres have only one preferential direction one can expect 
that the stiffness of the skin gradually decreases when the 
direction of stress makes a larger angle with this preferen-
tial direction. In such cases maximal stiffness will be found 
in the preferential direction and minimal stiffness in the 
direction perpendicular to this preferential direction. So 
the anisotropy (A) can be defined as follows: 
A - ¡J (2-33) 
Thus in this case the anisotropy is a dimensionless quantity 
representing the maximal difference in parameter value which 
can be found in the sheet. For a viscoelastic sheet aniso-
tropy values can be calculated for each viscoelastic parameter. 
For alinear viscoelastic sheets the anisotropy can be calculated 
for each parameter of the alinear description of each visco-
elastic model parameter. If we want to characterize the mechani-
cal properties of such an orthotropic, alinear, viscoelastic sheet 
in only one figure the following 'Young's modulus' can be given 
(see also the previous sections): E' : the initial coefficient 
oil 10 
of elasticity in the preferential direction of the fibres deter-
mined from a stress-strain curve in which the strain is deter-
mined 10 seconds after the onset of a stepwise load. 
2.6 Inhomogeneity 
Inhomogeneity of a medium means that the properties of the 
medium differ from location to location. If we suppose infini-
tesimal elements nearly infinite every medium is inhomogeneous. 
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Enlarging the element to a magnitude at which it is possible 
to attribute the properties of the medium to it, one can call 
the medium homogeneous if on each location the properties 
of the infinitesimal element are the same irrespective of the 
question whether each infinitesimal element is built up in 
the same way. In section 2.2.3 we have already seen that the 
skin is inhomogeneous in the z-direction because of its 
stratification (an element in the dermis has other properties 
than an element in the epidermis) and for this reason we have 
chosen for the concept of a sheet. Infinitesimal bars (Дх.Ду.а) 
of skin do not necessarily have to be inhomogeneous. On the 
contrary, it is to be expected that the properties of skin will 
not change very much from one bar to another. Sodeman and 
Burch (19З8) showed that the properties of the skin on different 
sides of the body differ considerably. For instance the skin on 
abdomen, back, arm and leg are not identical. In that way skin 
is certainly inhomogeneous. But, there can be another kind of 
inhomogeneity in the skin which has to do with the fibre concept 
of the skin. Since mainly only the fibres in the skin can resist 
external stress and since these fibres are fairly loosely 
arranged it is very well imaginable that the concept of consi­
dering infinitesimal bars of skin is meaningless because of a 
shifting of the fibres in respect to their surroundings : the 
infinitesimal bar of skin can appear to be inappropriate to 
attribute the mechanical properties of the skin to. 
Thus the inhomogeneity within each bar is too pronounced to be 
able to define these bars properly. If this is the case the 
existing mechanical theories are useless for characterizing 
the mechanical properties of the skin and new theories will 
TO 
have to Ъе developed for such kinds of tissues. Fortunately 
it is possible to check the concept of infinitesimal bars 
by comparing the results of uniaxial strain and shear strain 
experiments. In section 2.2.3 it is shown that the E to G 
ratio has to .be in a certain range for a homogeneous isotropic 
medium. For an orthotropic sheet a corresponding range can be 
defined. In chapter h and 5 we will come back to this check. 
2.7 Discussion 
The preceding sections presented only a small excerpt of what 
is known about mechanical properties and (visco)elasticity. 
It is only a minimum in order to give the interested reader 
a working knowledge of (soft tissue) mechanics. 
It is possible that specialists in the field of tissue mechanics 
may wonder why finite deformations, strain energy density func­
tions, constitutive relations and strain invariant functions 
(Rivlin, 195З, Blatz, I963, Puck, I967, Valanis and Landel, I967, 
Alexander, I968, Ashton et al., 1969, Gou, 1970, Veronda and 
Westmann, 1970, Snyder and Lee, 1975, Tong and Fung, 1976, etc. 
etc.) are not dealt with. The answer to this question is three­
fold. 
- All these theories have to suppose homogeneity at an early 
stage. Moreover, almost all authors have to refrain from 
either anisotropy or viscoelasticity of the medium and 
usually both. Though these theories deal with alinearity 
and compressibility these properties still have to be put 
into the theories by curve-fitting applied to experimental 
results. My opinion is that for rubber-like materials 
these theories are very promising indeed but for soft 
tissues too many uncheckable suppositions have to be 
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made first. 
- Mathematically, most of these theories are very compli-
cated. It is rather difficult to check the equations on 
common sense and to obtain a deeper understanding by 
mathematical manipulation. 
- The application of these theories to soft tissues has not 
been very fruitful up till now. Little additional insight 
is gained, only parameters which are difficult to inter-
pret are added. Referring to the previous sections and 
especially to the considerations made about inhomogeneity 
it is preferable to avoid assumptions the validity of 
which cannot be checked by examination. 
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CHAPTER 3 UNIAXIAL STRAIN MEASUREMENTS ON THE HUMAN SKIN 
3.1 General introduction 
This chapter deals with the determination of the mechanical 
properties of the human skin in vivo for small deformations 
in uniaxial strain experiments. A new device has been developed 
which can be easily attached to the skin surface and which 
enables a quick determination of these properties in a complete­
ly harmless way. After some theoretical considerations about 
the measuring configuration (section 3.2) and a description of 
the apparatus (section 3-3) a comprehensive study is given 
about the determination of the effective distances in the piece 
of skin under investigation (section 3·^)· Without this study 
it is impossible to characterize the mechanical properties of 
the skin quantitatively from the experiments. The viscoelastic 
behaviour, the alinearity and the anisotropy of the skin are 
determined, modelled, parameterized and discussed (sections 
З.5 and 3.6). Finally the parameter variations due to external 
influences, such as history, temperature and indenting the 
skin are examined (section 3.7). 
3.2 Theoretical considerations with respect to the configuration 
3.2.1 Introduction 
As has been stated in section 2.2.3 it is possible to determine 
in a uniaxial strain experiment the alinear viscoelastic beha­
viour of an anisotropic alinear viscoelastic medium by applying 
a stress and measuring the resulting strain in the same direc­
tion. 
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> F xx 
>X 
fig. 3.1 Uniaxial strain on an infinitesimal element 
Applying a stress in the x-direction on an infinitesimal 
cube dx, dy, dz (fig. 3.1) the stress-strain relationship is: 
XX E . σ 
χχ 
XX 
(3-D 
In that case E is the time and stress dependent operator 
characteristic for the alinear viscoelastic properties of the 
cube in that direction. However, before any attempt can be made 
to analyse E quantitatively as a function of time and stress, 
it has to be verified that indeed the actual values of stress 
and strain on the cube are substituted in equation 3-1. Since 
the stress is defined as the force on a cross sectional area 
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divided by the cross sectional area (, , ) and the strain 
dydz
 d u 
as in increase in length divided by the original length (-—) 
in the medium, this verification corresponds with a correct 
translation of force and displacement from the macro scale of 
the medium to the micro scale of the infinitesimal cubes in 
the medium. It should be noted that this translation will 
depend on the anisotropic inhomogeneous properties of the me­
dium in question. The most simple way to examine mechanical 
properties of a medium in a single direction is by clamping 
a bar or a strip of the medium in question in two jaws, gene­
rating a force and detecting the displacement (fig.3.2). 
h 
^ 
JAW 
S ^ > ' 
* — J — 1 
^ ^ -
a 
I 
-K^-f- ** 
--\ 
'JAW 
»F 
fig.3.2 Uniaxial strain on a strip 
If the strip is sufficiently long the disturbances due to 
the clamping at both ends of the strip can be ignored and 
the dimensions of the configuration can be substituted for 
the effective distances in the medium. In that case equation 
3-1 can be rewritten as 
Δ1 
1 E 
F 
Ъ.а 
(3-2) 
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1, b and a being the original length, width and thickness of 
the strip, Δ1 the increase in length, F the force generated and 
E the time and stress dependent operator. 
3.2.2 Measurements on a sheet 
The only way to perform measurements on the human skin in vivo 
without any damage for the subject is to accept that the skin 
is a sheet which can only be reached from one side. Furthermore 
one is limited in the length of the piece of skin involved, 
because of the bond between the skin and the subcutaneous tissues. 
In such cases uniaxial strain measurements can only be performed 
by attaching two tabs to the sheet in the specific direction 
using an adhesive which can be loosened afterwards. In such a 
configuration (fig.З.З) it is obvious that the actual dimen­
sions of the part of the sheet between the tabs will not be 
equal to the effectively involved distances in the medium. 
fig.З.З Uniaxial strain on a sheet 
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Τ Γ Lhc Lhickrit'ss of the medium can be considered small in 
comparison with the other distances this thickness will be 
equal to the actual value. The effective width in the medium 
will be enlarged because of the extensiveness of the sheet 
and the original length and the magnitude of the extension 
will depend on the quality of the adhesion. In correspondence 
with equation 3-2, equation 3-1 can be rewritten substituting 
the effective distances in the medium: 
"F - E ' ~T (3"3) 
a.bw 
This relationship which is correct in principle, is useless 
unless we are able to translate the actual values of the 
configuration (b,l and Δι) in the effective values (b*, 1* 
and Δ1*). Since these translations depend on the properties 
of the medium, it is preferable to determine these corrections 
also on a homogeneous isotropic medium with about the same 
stiffness as the skin. For this purpose a soft rubber sheet 
has been used. How these corrections are determined and the 
results found both on rubber and on the skin will be discussed 
in detail in section 3.U. 
3.3. The Apparatus 
3.3-1 General description 
In accordance with the considerations made in chapter 2, the 
uniaxial strain apparatus is designed in such a way that a 
force is generated and that the resulting displacement is 
detected. 
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fig. 3.5 Schematic representation of the uniaxial strain 
apparatus. For further description see text. 
In the apparatus (fig.3.i+) three units can be distinguished: 
a force generator, a displacement detector and a movable part, 
which can shift freely in one direction with a minimum of 
friction. The force is generated by an electric current in a 
coil pulling at a permanent magnet. The displacement of the 
movable part is detected by an inductive displacement trans­
ducer and the minimum of friction is achieved by using air-
bearings. 
From the two tabs which can be attached to the skin one is 
fixed to the body of the apparatus and the other is connected 
Qk 
to the movable part. By varying the width of and the distance 
between the tabs pieces of skin of various length and width 
can be strained. 
3.3.2 The generation of the force 
In the main bar of the movable part a cylindrical permanent 
magnet has been inserted. The major part of this magnet is 
situated within a concentric coil (resistance 11 Ohm). 
An electric current in the coil pulls the magnet and so the 
movable part further into the coil. The force to current ratio 
is 1.Θ N.A and the maximal admissable current is 1.0 A. 
With the proper dimensions of the coil and the magnet it 
appeared that the magnet can move over a range of about 7 
mm into the coil with a force constant within 1.0$. The major 
advantage of this construction is that forces can be built up 
in a sufficiently short time to consider the responses as 
true stepresponses (see section 2.3). 
Six square forces with increasing amplitudes are generated 
automatically by a programmable current source. Amplitudes, 
durations and interval times can be adjusted. 
3.3-3 The measurement of the displacement 
The displacement of the movable part is detected without con­
tact by a Philips PR 931^/10 inductive displacement trans­
ducer which is connected to a Philips PR 9ÖT1 displacement 
converter. This combination has a frequency range of 0 to 
200 Hz. The minimal detectable displacement is one thousandth 
part of the detection range selected (200 ym - 20 mm). 
The signals of the programmable current source and of the dis-
placement detector together with a trigger signal are recorded 
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on paper (Rikadenki ^-channel recorder) for direct control 
and on magnetic tape (Philips Analog-T or HP 3960) for further 
analysis with a PDP-11 /1+5 computer. A block diagram of this 
experimental set-up is given in fig.3.5. 
p r o g r a m m a b i t 
c u r r e n t 
s o u r c e 
3 i 
fig. З.5 Block diagram of the experimental set up 
3.3.^ The airbearings 
As has been outlined in fig.3·1* the movable part of the 
apparatus (mass 109 g) is carried by three airbearings. One 
on each end of the main bar and one opposite to the sensing 
rod of the displacement detector. The locations of the air­
bearings have been chosen in such a way that, with the 
moving part in the middle position all the airbearings have 
to withstand the same load with respect to the centre of 
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muza of Lhc' movine Г а г > і-с· the chance that the movable 
part will drag is minimal. The construction demands a hori­
zontal measuring direction. The movable part itself can be 
used as a levelling instrument. With an air pressure in the 
airbearings of h ato. the maximal admissable load perpendi­
cular to the attaching surface is about 5 N. The maximal admis­
sable load across the measuring direction is 0.5 N. Expansion 
rooms have been made in the inner side walls of the body of 
the apparatus in order to prevent the movable part from 
sticking to these side walls by the Bernoulli effect. 
З.З.5 Dynamic properties of the apparatus 
The dynamic properties of the apparatus (the mass of the 
movable part and the friction) can only be studied by mounting 
a spring on the tabs. When the rubber sheet mentioned in 
section 3.2.2 is attached to the tabs a fair simulation is 
achieved of the actual situation on the skin. The rubber sheet 
(thickness 0.55 mm) is made of soft pararubber (IHRD = 55» 
Lindley, MRPRA). It was placed at our disposal by the T.N.O. 
Rubber Institute, Delft, The Netherlands. Since this rubber 
does not alter its properties for years (Aben, 197*0 it has 
also been used to verify the properties of the apparatus inter­
mittently in the course of time. 
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fig. 3.6 The stepresponse of the uniaxial strain apparatus 
attached to the rubber sheet, a./ The force, 
b./ The response of the combination 
The stepresponse of this system is shown in fig.3.6. From the 
oscillations in the response it can be concluded that the 
coefficient of damping is less than 1.0. The resonance 
frequency has a value of 16.9 Hz. and the logarithmic decrement 
equals 0.7. This corresponds with a friction in the apparatus 
of 2.6 Nsm"1. Fig.3.6 also shows that 0.5 sec. after the onset 
of the force the oscillations in the response disappear and 
that from that moment on only the (visco)elastic properties 
of the rubber are responsible for the shape of the response. 
The displacement signal has been preprocessed with a 20 Hz 
low pass Bessel filter before it was sampled for further ana­
lysis with a 10 Hz sampling rate by a sixteen bits A/D-conver-
ter. The remaining oscillations in most cases rather small and 
hardly visible, are skipped 
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in the analysis of the viscoelastic properties. 
3.3.6 The application of the apparatus on the skin of the 
calf 
The tabs are attached to the skin with the double-sided 
adhesive tape Scotch UOO. This tape, which is similar to 3M 
No U10, is the only adhesive known to us which is completely 
harmless for the skin and which still has such good attaching 
qualities that it can be used successfully in our experiments. 
The viscoelastic properties of the tape (Finlay, 1971 ) will 
influence the detected displacement signal of the skin. 
A correction of this signal will be shown necessary in section 
3.U.2. The range of the width of the tabs is 5 - 20 mm. The 
distance between the tabs is usually varied in the range 5 -
30 mm. The subjects are laid down on a special bed located in 
a room in which the temperature is kept constant at 29 C. 
All subjects were accustomed to this temperature for at least 
three quarters of an hour before any measurement took place. 
The bed is made of a number of covered shelves which can be 
removed separately. After removing the shelves underneath the 
calf the apparatus can be placed against the skin from below. 
The leg in question can be kept still with a foot support and 
a number of sand bags around the апкЗе and the thigh. The res­
ponses of the skin are disturbed by sudden movements of the 
subject, by the respiration and even by heart beats. To 
avoid these disturbances an additional fixation of the piece 
of skin employed was necessary. This fixation can be achieved 
by pushing slightly a relative large plate with a rectangular 
hole in it against the skin. 
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Considering that the amplitude of the response should not be 
influenced by this plate and the dimensions of the lower leg, 
good fixation is achieved using a hole with a width of 55 mm 
and a length of 150 mm (fig.3-7). 
fig.3.7 Photographic picture of the measuring situation 
in a uniaxial strain experiment along Langer's 
lines 
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3.^ Determination of the effective values of the parameters 
in the medium 
3.^ .1 Introduction 
As has been stated in section 3.2.3 the effective distances 
in a sheet which is attached to the tabs of the apparatus 
will not necessarily be equal to the distances indicated by 
the tabs. In this section the relationship between corre­
sponding distances will be determined and the effective dis­
tances will be calculated. In addition corrections on the 
force and on the displacement will be discussed. The construc­
tion of this section is as follows: 
First the correction on the displacement due to the viscoelastic 
properties of the adhesive tape and due to deformations 
within the apparatus will be given (section 3.^.2). Next the 
corrections on the force (3.U.3), the width of the tabs (З·^·1*) 
and the distance between the tabs (3.U.5) for a homogeneous and 
isotropic medium as rubber will be discussed. Then the correc­
tions on the force (ЗД.6) and on the width of the tabs (3.1*. 7) 
will be derived for human skin. Finally the effective thickness 
of the skin will be discussed (ЗЛ.в), the corrections will be 
reviewed and the procedure will be given as to how the values 
for stress and strain are deduced. 
3.1*.2 The corrections on the displacement 
The displacement detected by the displacement tranducer 
(= Δ1) will be equal to the summation of the deformation in the 
apparatus (= Δ1 ), the deformation in the adhesive tape 
ЗЛЭ 
(= ΔΙ ) and the increase in length (= Δ1*) of the medium 
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under investigation: 
Δι = Δΐ + Δΐ + Δι* 
ap ad (3-М 
Since Δι + Δι appears to Ъе in the order of magnitude of 
ap ad 
10% of Δ ι * for media like rubber and skin, a correction of Δ1 
for these deformations is meaningful. Δ ι + Δι , can Ъе deter-
ap ad 
mined in a seperate experiment in which the apparatus is attached 
to a rigid medium such as a perspex plate. To this end it has 
been assumed that the attaching qualities of the adhesive 
tape are the same on rather different media like rubber, skin 
and perspex. In repeating the experiment with different areas 
of the attaching surfaces the contribution of Al and Al
 3 to 
ap ad 
the detected displacement can be determined separately. 
It appeared that Δ ι is linear and purely elastic. The defor-
mation of Ai is about 10 um/N. The deformation of Al + 
•^ ар ар 
Δι on a square force is represented in fig.3.8. 
Δ\ap+ ЛІ ad 
A 
"io" 15 20 sec 
•t 
fig.3.8 The response of the deformation in the apparatus and 
in the adhesive tape to a square force. 
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Fig.3.8 clearly shows the viscoelastic behaviour of the 
adhesive tape (Finlay, 1971). Two kinds of deformations 
can be distinguished in the response: a purely elastic de­
formation, which is the result of both the deformations 
in the apparatus and of the adhesive tape, and the delayed 
elastic deformation. Fig.3.9 shows that both kinds of 
deformations are linear. 
-* FINI 
fig.3-9 Force-deformation curves of the deformation in the 
apparatus and in the adhesive tape, о = purely 
elastic deformation, χ = delayed elastic defor­
mation 
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fîince the skin has also viscoelastic properties it is very 
difficult to correct the response of the skin by parameteri-
zing the viscoelastic behaviour of Δΐ + Δι ,. Therefore 
ар ad 
for each size of the tabs and for each programme of the 
programmable current source the deformation of Δι + 
Δι , as a function of time has been measured and stored in 
ad 
the computer and is subtracted by the computer from the dis­
placements found in an experiment. By this procedure one can 
determine the correct value of Δι* of the medium. 
3.U.3 The correction on the force in experiments on a rubber 
sheet. 
It is not a matter of course that a force applied on a 
medium will be totally effective for the extension of that 
medium. Especially when forces are generated quickly, thermo­
dynamic and chemical effects may reduce the force in mechani­
cal terms. For this reason it is better to substitute the 
mechanical effective force F* for the force F applied and to 
study the shape of the force - extension curve to investigate 
the order of magnitude of these effects. Experiments on the 
rubber sheet are performed while the sheet is clamped under 
tension in a frame of Τ χ Τ cm^. 
9h 
ι ι г 
5 10 15 20 sec 
-t 
fig.3.10 The response of the sheet of rubber to a 
square force. 
1000-
al Mm) 
I , 
500-
fig.3-11 Force-extension curve of the' instantaneous 
purely elastic deformation in rubber, 
b = 15 mm, 1 = 1 5 mm. 
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The stepresponse shows a viscoelastic behaviour (fig.3.10). 
Since the instantaneous purely elastic deformation forms by 
far the biggest part of the deformation, all further results 
on rubber refer to this part of the deformation. Fig.3.11 
shows the relationship between the force ( F) and the exten­
sion ( Δι*) of the rubber in a particular configuration of 
the tabs. 
Obviously the straight line which is found does not pass 
through the origin but intersects the force axis at a low 
force (F ). This alinear behaviour for small extensions has 
о 
to be ascribed to an effect known in the rubber literature 
(Lindley, MRPRA; Treloar (1958), (1971)), which has been in­
terpreted as some chemical property of bridges in the rubber. 
This additional effect can be corrected by simple subtraction: 
F* equals F - F . F is slightly dependent on b and 1, but 
this will be neglected. 
3.U.U The correction on the width of the tabs in experiments 
on a rubber sheet 
The major problem in performing uniaxial strain experiments on 
a sheet is to determine the effective width of the area in­
volved. When we look at the measuring configuration (fig. 
3.12) it seems likely that the area involved will not be 
limited to the strip between the tabs (area I) but that the 
area beside this strip (area II) will influence the response 
also. 
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fig.3.12 Top view of the measuring situation on a sheet 
To describe that influence it has been supposed that the 
width between the tabs is enlarged by an additional residual 
width (b ). The effective width in the medium (b*) will then 
res 
be equal to : 
b* = b + b 
res 
(3-5) 
A priori it may be expected that 
- b will be independent of b; the area on one side of the 
tabs will not be influenced by the area on the other side. 
- b will depend on l; an enlargement of the distance 
χ 65 
between the tabs will result in a larger value for b 
° res 
- b will be independent of a as long as a is small 
comparison with other dimensions of the medium. 
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It is not clear whether Ъ will depend on the magnitude 
res 
of the strain or not, but for small extensions this depen­
dency certainly will not change b -values considerably. 
The first assumption bears the possibility to determine b 
experimentally. 
Rewriting equation 3-3 using 3-5 gives: 
F* = E - a ' & * . (b + b (1) ) (3-6) 
,* res 
From 3-6 it appears that in experiments with different widths 
of the tabs, a constant distance between the tabs (the mag­
nitude of i* is still unknown) and the same value of the 
extension, a linear relationship has to exist between the re­
quired force and the width of the tabs. 
» b (mm) 
fig· 3.13 F* versus b for a sheet of rubber. The determina­
tion of b . 1 = 15 mm, Δ1* = 0.12 mm 
res 
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Fig.3.13 shows the results of such experiments on a rubber 
sheet. Fig.3.13 clearly shows that there does exist a 
linear relationship between F* and b. When other extension 
values are used b does not show any dependency on the 
magnitude of the extension. 
By repeating this set of experiments for different distances 
between the tabs the relationship between b and 1 can be 
res 
determined (fig.3.1^). 
12. 
b
res
(mm) 
8. 
i._ 
a '0,55mm 
-Γ" 
30 10 10 20 
I (mm) 
fig.3.lU b - 1 relationship for a rubber sheet 
res 
Fig.3.1't shows that b increases with L The deflection for 
res 
the largest value of 1 may very well be caused by the in­
fluence of the frame in which the rubber sheet is clamped. 
The best straight line intersects the 1-axis at a value 
1 which equals - 6.5 + 1.0 mm. 
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This result will be discussed in the next section, after the 
effective original length in the medium (l*) has been deter-
mined. 
3.U.5 The correction on the distance between the tabs. 
There are several reasons to suppose that the effective ori-
ginal length in the medium (1*) will not be equal to the 
distance between the tabs (1), 
- The tabs are attached to the surface of the medium and 
1* is a distance in the medium. 
- The attachment of the adhesive is not infinitely strong. 
- The apparatus is attached by means of a deformable tape 
to a deformable medium. 
The magnitude of the first effect will depend on the thick-
ness of the medium.Even when an infinitely strong attach-
ment is assumed the effective original length will change 
with the depth in the medium. Since the thickness of the skin 
and the rubber sheet are rather small it can not be expected 
that this effect will cause an appreciable difference between 
land 1*. 
The second statement points out that some extensiveness of 
the attaching area is necessary before the adhesive tape 
can hold the medium to the apparatus. A result of this 
extensiveness is that the real points of application on the 
medium will be at some distance from the edge of the tabs. 
The third statement emphasizes that the medium underneath 
the adhesive tape will strain to some extent because of the 
fact that the paper basis of the adhesive tape is too weak 
to avoid this enlargement of the attaching surface of the 
medium. 
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In order to correct these effects an additional residual 
length has been introduced. The effective original length 
1* is then equal to: 
1* - 1 + 1 (3-7) 
res 
Since 1 is a result of a local effect on the attaching 
res 
surface, the following assumptions can be made: 
- 1 is independent of 
res
 r 
- 1 is independent of the magnitude of the extension as 
long as the adhesive tape can hold the medium to the 
apparatus. 
.* 
- 1 will depend on a. 
res 
- 1 is independent of b 
res 
Since the relationship between b* and 1 could be determined 
independently of this effect (see section 3.U.U), the value 
of 1 on a rubber sheet can be determined experimentally 
under these assumptions. 
Rewriting equation 3-7 gives: 
According to this equation there exists a linear relationship 
between Δ1* . b* and 1. and 1 can be determined from the 
res 
intercept on the 1-axis for zero deformation. For each width 
of the tabs and each value of 1, b* can be derived from 
fig.3.1^. Fig.3.15 shows the experimental results. 
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ΔΓ b' 
30 mm 
fig.3.15 ΔΙ* . b* versus 1 for a rubber sheet. 
The determination of 1 
res 
Except for the deflecting results found for relatively 
large values of 1, which again may be caused by the frame, 
fig.3.15 shows a linear relationship. A value of 1 is 
found of 6.5 ± 2.0 mm. This result means that for each tab 
the effective point of application in the medium is about 
3.2 mm behind the edge of the tab. This value of 1 is the 
res 
same value as has been found for 1 by linear regression 
in the b* versus 1 plot (fig.3.lU). Therefore it can be 
concluded that there does exist in rubber a linear 
relationship between b and 1* for this magnitude of 
deformations. The b to 1* ratio equals about O.k. 
res 
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Since all effective distances in the rubber sheet are now 
determined the stress-strain relationship can be derived 
(fig.3.16). 
Fig.3.16 shows a linear behaviour in this range of defor-
_2 
m a t i o n s . The Young's modulus i s 2.5 + 0.1 MN.m . 
4-I 
э_ 
«l*l 
-ι 1 1 г 
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ι 1 Г 
10 ж10* 
fig.3.l6 Stress-strain relationship for rubber. 
As it can be expected that the quality of the adhesion is 
the same on different media, considering the fact that rubber 
and skin have Young's moduli in the same range, there is no 
need to repeat all these measurements on the skin in order to 
determine the value for 1 in the principal directions of 
res
 e r 
the skin. In contrast to the value of b , the same value 
res 
of 1 may be used for skin as for rubber. However, some 
res 
verification will be given in section 3.^ .9 after the 
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determination of all the effective values for the skin. 
3.Í+.6 The correction on the force in human skin. 
As stated in chapter 2 experiments on a medium like the 
human skin can only be interpreted when the direction of 
stress and the viscoelastic part of the deformation invol-
ved are specified. All the following test experiments 
(in this section and in section З.^ +.Т) are performed in the 
two principal directions of the skin of the calf along 
(II) and across (1) Langer's lines (see chapter 1). Instead 
of distinguishing some viscoelastic part of the deformation 
the total extension 10 seconds after the onset of the 
loading (= AL* ) has been used as a kind of an 'overall' 
viucoelastic parameter (section 2.3). The most suitable 
distance between the tabs which can be used in both direc­
tions and with which a piece of skin can be stretched for 
almost every subject is 15 mm (l* = 21.5 mm). 
F versus Al*
n
 curves for both directions are shown in fig. 
3.17 (b = 15 mm). 
10U 
fig.3.17 Force-extension curves of the total deformation 
10 seconds after starting loading in the princi­
pal directions of the skin. 
Besides the alinear behaviour and the anisotropy, which will be 
treated in detail in section 3.5, fig.3.17 shows that both 
smooth curves through the measuring points intersect the 
F-axis at about the same low value of the force (F =0.023 N). 
о 
This extra alinearity for very small extensions can only be 
interpreted by assuming a similar effect as in rubber (section 
3.^.3). Without a correction of this additional effect the 
alinear behaviour of the skin is difficult to determine. 
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Therefore, as with rubber, F has been substracted from F 
о 
in order to obtain the effective force F*. 
3.4.7 The correction on the width of the tabs in human skin 
In a similar way as described in section 3.4.4 for rubber, the 
effective width of the tabs can be determined for human skin. 
The F* versus b plots in the principal directions are shown 
in fig.3.18. 
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fig.З.18 F* versus b plots for the human skin on the calf 
for 2 different strain values, 
a./ along Langer's lines b./ across Langer's lines 
In both directions a linear relationship between F* and b is 
found indicating that the assumptions made in section 3.4.4 are 
also valid for the skin. As with rubber the values of b do 
res 
not depend on the magnitude of the extension in this range of 
deformations. On the other hand the resulting values of b 
res 
are totally different. 
106 
Along Langer's lines b equals to zero and across Langer's 
lines the values of b is equal to 8.6 mm which is an even 
res 
larger value than found on the rubber sheet. 
3.U.8 The thickness of the medium 
As can be seen in equation 3-3 no coefficient of elasticity 
can be deduced without the determination of the thickness 
(a) of the medium in question. This determination, which can 
easily be carried out by means of a micrometer on a rubber sheet, 
is almost impossible to perform on the human skin in vivo. 
Two techniques are described in the literature to determine 
skin thickness in vivo (Black (1969)» Finlay (1971)> Dykes and 
Marks (19TT)). Both can only be performed on special sites 
such as on the back side of the hand. In our opinion only the 
X-ray technique of Black (1969) in suitable to determino the 
thickness of the skin on the calf'. For several reasons we 
decided not to copy this technique but to substitute one mean 
value of the thickness of the skin for all subjects and all 
sites. 
The X-ray technique is too much an advanced measuring tech-
nique requiring experience and sophisticated apparatus. It 
has the additional disadvantage of being too much interfering 
in comparison to what it brings in. Moreover, a correct value 
for the thickness of the skin is of minor importance for a good 
understanding of the alinear viscoelastic properties of the 
skin. The difference between a mean value and the actual value 
in the thickness of the skin is a scaling factor on the coeffi-
cients of elasticity which has no influence on the relationship 
between the results found in different directions and/or with 
different measuring techniques on the same site. 
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For the mean value of the skin a value of 1.3 mm is used. 
This is the mean value of the results found by Finlay et al. 
(1971) in skinfold measurements on the back side of the hand. 
Finlay et al. report a slight decrease of skin thickness as 
a function of age. Large interindividual differences in skin 
thickness can occur. The 'normal' range on this site seems 
to be from 0.9 to 2.0 mm. 
3.J+.9 Discussion 
The fact that b equals zero in experiments on the skin 
res 
along Langer's lines (section 3.^.7), offers the opportunity 
to verify the statement made in section 3.1+.5 that the same 
value of 1 can be substituted for the skin as for rubber, 
res 
A b -value equal to zero means that only the strip between 
the tabs (area I in fig.3.12) is involved. So b* will be in­
dependent of 1* in these circumstances and in experiments 
along Langer's lines the magnitude of the extensions will have 
to be proportional to 1*. 
With distances between the tabs of 5 and 15 mm the ratio be­
tween the extensions is independent of b* and F* and equals 
about 1.Θ. This ratio corresponds with the ratio of the 
effective original lengths 21.5/11-5 = 1.87 and is appreciable 
different from the ratio between the distances between the 
tabs 15/5 = 3.0. All the results of the skin presented in 
further sections are obtained in the configuration: b = 15 
mm, 1 = 15 mm. For the determination of the stress and the 
strain the following values are substituted as the effective 
distances in the medium: 
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a 
1* 
**„ 
*ΐ 
ε 
σ 
= 
= 
= 
= 
= 
= 
1.3 mm 
21.5 mm 
15.0 mm 
23.6 mm 
ΔΙ* 
1* 
а.Ъ* 
Stress-strain curves are obtained by applying 12 succesive 
square forces to the skin with increasing amplitudes (2 
programmes of 6 loads with 1 minute interval time). The load 
duration is 10 sec and the interval time between succesive 
loads is 20 sec. Immediately after the attachment of the 
apparatus to the skin, the skin is "shaken up" by the six 
largest forces in a one second on, one second off rhythm, 
in order to obtain the same history in all experiments 
(see section 3·7·3). The first regular load programme star­
ted 1 minute after this action. 
All the data presented are the results of one out of two 
attachment of the apparatus to the skin with 'indistin­
guishable results'. This doubling of the experiments is done 
to exclude incorrect sticking of the adhesive tape, such as 
might occur with excessive perspiration of the subject. 
3.5 The alinear viscoelastic behaviour of the human skin 
3-5-1 The response of the skin to a square stress 
Examples of the response of the skin on the calf to a 
square stress in both principal directions are shown in fig. 
3.19.a and fig.3.19-b as a function of time. 
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-* ((sec) 
Fig.3.19 Response of the skin to a square stress. 
a. Across Langer's lines. 
b. Along Langer's lines. 
e
«î 1 · 
Fig.3.20 Schematic representation of the response of 
the skin to a square stress. 
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Three corresponding regions can be distinguished in both 
responses which are indicated in the schematic represen­
tation of the response given in fig.3.20: 
- an instantaneous purely elastic deformation ε 
cl 
- a delayed elastic deformation e, 
- a permanent deformation e . 
The permanent deformation after loading is built up during 
the loading as a function of time. So, all three regions 
are present both during and after loading. As an 'overall' 
parameter the total deformation at the moment the loading is 
stopped (t = 10 sec.) can be defined in accordance with AL^
n 
in the previous sections: ε1π· 
3·5·2 The viscoelastic analysis of the response 
Within the linear viscoelastic theory (section 2.3) the three 
regions in the response can be characterized by the following 
ideal elements respectively: 
e : a serial spring, E 
о, s 
e : a spring, E , and a dashpot, η , in parallel 
e : a serial dashpot, η . 
This viscoelastic model (fig.3.21), which is known as Burgers' 
model, is a series connection of a Maxwell-fluid and a 
Kelvin/Voigt-solid. 
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Fig.3.21 Burgers' model, a linear viscoelastic model 
for analysing the response of the human skin. 
So, it is one of the most simple viscoelastic models in 
which both fluid-dominant and solid-dominant properties 
can be taken into account. This model already suggests that 
several independent processes take place in the skin under 
stress. This suggestion is strengthened by the quantitative 
differences in the responses in both directions. For instance, 
the ε -e,-ratio is different in the principal directions 
(fig.3.19.a,b). 
In correspondence with the definition of е.. an 'overall' 
coefficient of elasticity E can be defined: 
10 (3-9) 
'10 
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3·5·3 The differential equation of Burgers' model 
The differential equation of Burgers' model can easily be 
derived from fig.3.21. The basic equations of the elements 
are: 
σ = Ε . ε (3-Ю) 
s a 
о. = E . ε, (3-11) 
1 Ρ b 
σ_ = η . έ, (3-12) 
2 ρ b 
σ = η . ε (3-13) 
s с 
where 
and 
ε = ε + ε,. + ε (3-1*0 
a b c 
σ = σ1 + σ 2 (3-15) 
These six equations have five variables which have to be 
eliminated: ε , ε
Ί
 , ε , σ„, σ„. Substitution of 3-11 and 
a b с 1 2 
3-12 in 3-15» 3-10 in 3-1^ and a differentiation of both 
resulting equations lead after a successive substitution 
of 3-13, to the following equations: 
*ь •
 ê
- f - - r (3-1б) 
, s s 
and 
σ = Ε . έ. + η . E. (3-17) 
ρ b ρ Ъ 
Another differentiation of 3-16 and a substitution of 3-16 
and this resulting equation in 3-17 finally lead to the 
differential equation of the model: 
η . η Л η Л Л . Л 
η
3
, ε +
 Ε ·
ε σ + 4 Ε Ε ; · σ Ε . Ε * σ 
Ρ Ρ s ρ s ρ 
(3-18) 
113 
3.5.*+ The response of Burgers' model to a square stress 
As outlined in section 2.3 the response of Burgers' model 
to a square stress can be calculated. However, since we are 
dealing here with a living tissue in situ the unstrained 
condition in vivo cannot be defined. We overcome this pro­
blem by the following simplification: 
- before each loading cycle the strain is defined as zero 
e(t) = 0 t < 0 (3-19) 
This means that by definition the effective original length 
equals the actual effective original length at that 
moment regardless of the natural tension in the skin and 
regardless of the history of stresses which have been acting 
on the medium before. 
As a consequence the interval times have to be relatively 
long. The experimentally selected interval of 20 seconds 
seem to be long enough for making the influence of previous 
loadings sufficiently small and is still sufficiently short 
to apply complete loadprogrammes to the subjects without 
too much inconvenience. 
During the loading the differential equation leads to: 
e(t) = O " . ( | - + ^ - + ^ - . ( 1 - exp(- ^))) 0 < t < Τ 
s s p
 (3-20) 
with 
τ
 - \ (3-21) 
1
 " E 
Ρ 
After loading the response can be described by: 
e(t) = σ' . ( £- + |- . ( 1 - exp(- £) ) . exp(- ^ 1 ) ) t > Τ 
\ Ep T T 
(3-22) 
^^k 
The response at the commencement and the cessation of the 
stress can be defined as the calculated difference between 
the magnitudes of the response in the limit situations 
just before and just after the moment of discontinuity. 
For the moment of commencement 3-19 and 3-20 give: 
e ( t )t+o - e ( t )t+o = σ' ' f • ° (3-23) 
s 
and 3-20 and 3-22 for the moment of cessation: 
e ( t )t+0 - £ ( t )t+T = -°' ' E" * = T ( 3" 2 U ) 
s 
which is in both cases the purely elastic response of the 
serial spring. 
The shape of the response as formulated in the equations 
3-20 up to 3-2І+ inclusive has been drawn in fig.3-20. 
Taking into account the simplicity of this U-parameter 
model a fair description of the viscoelastic behaviour has 
been derived. The same description has been suggested 
before by Vlasblom (1967) and Sanders (1973). 
3.5.5 The determination of the parameters from the response 
From the strain signal (fig.3.19«a,b) all parameters can 
be determined twice: once during loading ('up') and once 
after loading ('down*). To the model parameters determined 
'up' an extra subscript u is added, to the parameters 'down' 
a subscript d. Since it appeared impossible to determine 
η with acceptable accuracy in any procedure, we have 
chosen for a procedure in which η is not determined 
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at all and is supposed to be equal to η . We have used the 
sd 
following procedure to determine the parameters: 
- calculate E„„ from the maximal strain (t), .
m
 at Τ = ю sec. 
10 ttT 
- determine η , from the permanent deformation at the end 
sd 
of the interval time (20 sec. after loading). 
- subtract the resulting strain of the η ,-parameter in 
sd 
accordance with equation 3-20 and 3-22 from the total 
strain signal, both during loading and after loading. 
The resulting strain signal (= e'(t)) can be described by 
the following equations: 
during loading 
ε'(ΐ) = σ' . ( γ - + γ - . ( 1 - exp(- ^ - ))) (3-2b) 
su pu u 
after loading 
ε·(ΐ) =
 σ
· . _ L . ( τ _
 e x p (_ Τ_ ). e x p ( _ ^-î)) 
pd u d 
(3-26) 
differentiate the resulting strain signal during loading. 
This signal can be described with the derivative of 
equation 3-25 : 
4 Ц М = σ· . -L· . exp(- f ) (3-27) 
d t
 \u 
fit the differentiated resulting strain signal with an 
exponentional curve, determine τ from the slope, η 
from the intercept for t = 0 and E from equation 3-21. 
^ pu 
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- calculate E by subtraction of the resulting strain of the 
E and τ parameters from e'(t). pu u 
- fit the resulting strain signal after loading with an exponen­
tial curve, determine τ, from the slope, calculate Ε , from 
d * ' pd 
the intercept for t = Τ and η , from equation 3-21. 
pd 
- calculate E by subtraction of the resulting strain of 
Epd ( U T ) f r ° m E ' ( t ) W 
A closer look at the response of the skin in fig.3.19 leads 
to the conclusion that it makes sense to determine all the 
parameters (with the exception of η ) twice. Especially in the 
delayed elastic part of the deformation the shape of the 
responses during and after loading is not similar. Obviously 
the passive reaction of the skin to an outside force 'up' 
is different from the active action of the skin 'down' to its 
original position. Consequently the deformations need an extra 
subscription, u for 'up' and d for 'down', indicating the 
part of the deformation curve. Since Burgers' model does not 
account for differences 'up' and 'down', we have to suppose 
one set of parameters in the model 'up' and another set 'down'. 
This distinction again underlines the opinion that Burgers' 
model gives only a first approximation in describing the visco-
elastic behaviour of skin. 
З.5.6 The description of the alinear viscoelastic behaviour 
of the human skin 
Taking the different behaviour of the skin 'up' and 'down' 
into account a description of the response of the skin on a 
square load can be given by seven model parameters 
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Ε ,Ε ,η » E ., E ,, η . and η . to which the 'overall' 
su pu pu sd' pd' pd sd 
parameter E can he added. A second, equivalent, vay to 
describe the response is by the magnitudes of the distinct 
regions ε » ε, , ε ,, ε,, and ε ., and the time constants &
 au' bu ad' bd cd 
τ and τ, to which ε,,, can be added, 
u d 10 
So, the total alinear viscoelastic behaviour of the skin can 
be described by presenting the stress relationship of a set of 
eight parameters. 
Fig.3.22.a,b characterizes the skin on the calf of a healthy 
subject* along and across Langer's lines according to the 
region description. In fig.3.23·a,b characterizations of the 
same behaviour are given using the eight model parameters M. 
*The results were obtained from a woman aged 35, who was 
chosen from the 49 subjects mentioned in chapter 6. 
The results presented are a fair example of the values 
found and the accuracy normally obtained. 
^In some diagrams the number of data points is less than 
12 (see section 3.^-9)· Data points which cou]<l not he-
calculated because of distortion of the measuring signal 
have been left out. 
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Fig.3.22.a Stress-strain and stress-time constant relationships 
of the human skin in vivo along Langer's lines. 
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Fig.3.22.h Stress-strain and stress-time constant relationships 
of the human skin in vivo across Langer's lines. 
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Fig.3-23.a Stress-parameter diagrams of all the parameters of 
Burgers' model along Langer's lines. 
121 
£„(.10* Mm"2) 
cP 
aí-lO'Nm-') 
β 1 ζ 
£,„<• ΙΟ1 Нлг") 
ffHiNm1! 
ι ζ э 
° ( 
aiOO'Nm1) 
В 1 ζ 
Í 
σι-ιο'Νπ)1) 
E.jOIO'Nn)1) 
1 
ó* 
• atOO'Nm·1) 
1 ζ 
Epí<<KfHm->> 
o o 
cP 
СТМО'Мт-
1
» 
ι г 
aHtfNm*) ι 
1 ζ 
СО 
atMO'Nm·1) 
Fig.3.23.b Stress-parameter diagrams of all the parameters of 
122 Burgers' model across Langer's lines. 
F lg.3.22 makes clear that all regions show an alinear beha­
viour and that the time constants are independent of the 
magnitude of the stress. Since the regions decline to the 
stress axis they all become less extensible for higher stress 
values. This alinear behaviour can be recognized in fig.3.23 
by the increase of the parameter values for higher stress. 
It should be remembered that the coefficients of elasticity 
are calculated as secant moduli (see section 2.1+). 
З.5.7 The formulation of the alinear behaviour of the skin 
According to our function.al description of the mechanical 
properties of the skin for small deformations (section 1.U) 
both orientation of the collagen fibres and extension of 
the elastin fibres will take place in the skin under tension. 
As mentioned in section 2.k the alinear behaviour of soft 
tissues is in the literature mostly described by an exponen­
tial (or logarithmic) equation when the properties of the 
elastin fibres are dominant and by a'power law' when the colla­
gen is dominant. Looking at the increase of the parameters 
of Burgers' model as a function of the stress (fig.3.23) and 
especially at the parameters E and E (which can be deter 
mined most accurately, the largest regions in the response) 
the idea comes up that the parameter values increase almost 
linearly with the stress. These results recall to mind that 
Fung (1972) has demonstrated that the stiffness, defined as 
a tangent modulus and not as a secant modulus, of a variety 
of (elastin-dominant) 
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soft tissues increases linearly as a function of the stress: 
E' = Jg= κ.(σ + σ
ο
) (3-28) 
After integration this equation leads to the following 
exponential stress-strain relationship: 
σ = a
o
.(exp (k.e)-D (3-29) 
which has the logarithmic equivalent: 
ε =-]• . ln(1 +2-) (3-30) 
k σ
ο 
k.o equals the initial coefficient of elasticity E' 
(see 2-33) and E' equals E (the initial coefficient of 
о о 
elasticity in a stress-secant modulus diagram). Using 
k.o = E the equations (3-28), (3-29) and (3-30) can be 
rewritten as: 
Ε' Ξ ^
2
 = E + k.o (3-31) 
ae о 
E 
o
a p (exp (ке)-1) (3-32) 
ε =
1
 . ln(l +ψ) (3-33) 
к
 E
o 
Equation 3-31 shows that к is a coefficient of alinearity 
indicating the increase of the stiffness with increasing 
stress. 
12U 
Using (3-33) the secant modulus E is equal to: 
_ σ _ k.a 
"
e
 ln(1
+
f) 
о 
(3-3U) 
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Fig.3.2U Comparison of the experimental data of the 
E , -diagram with the optimal fit using a 
sd^ 
logarithmic stress-strain relationship 
(equation 3-33). E = 1 . 3 h χ 10 5 N . m - 2 , к = 15-8 
Fig.3.21* shows that using the E -value determined from the 
Ε , -diagram in fig.3.23,b and the appropriate k-value, the 
sd 
shape of the curve as derived from equation (3-3*+) corre­
sponds with the experimental results. It seems to be a linear 
increase as a function of the stress but it shows some 
declination, particularly for very small stress-values. 
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If this formulation is also appropriate for the other 
regions of the deformation equation 3-33 bears the oppor­
tunity to characterize the total alinear viscoelastic 
behaviour by a set of E and k-values. In that case the 
coefficient of alinearity of a viscous parameter has to 
be defined too. For η , this can be done as follows. 
sd 
From equation 3-22 it can be derived that: 
sd 
* The apostrophe of σ' will be omitted in all further 
sections. 
n
sd This relationship shows that — — can be dealt with as a 
coefficient of elasticity. So, in analogy with equation 
3-31 we introduce: 
n
'ed * nsdo + Ksd · σ ( 3" 3 7 ) 
in which κ , equals k.T indicating that the alinearity 
of η' also depends on the duration of the load. 
In the case of η the coefficient of alinearity can be 
Ρ 
determined because of the fact that the time constants 
appear to be independent of the magnitude of the stress. 
For that reason equation 3-21 can also be used for the 
initial values. After substitution of 3-21 a rewriting of 
equation 3-31 for E gives: 
η' = η + к . σ (3-38) 
Ρ PO Ρ 
126 
in which < = к . τ . 
Ρ Ρ 
So the alinearity of η is equal to the alinearity of E 
multiplied by τ. 
(note:-in the following sections the subscript ' ' will 
be omitted and the corresponding name of the parameter 
of Burgers' model will also be used to indicate the 
initial value of the coefficient of elasticity. This 
double meaning of the parameter name avoids a third sub­
script in a number of cases, while it is a matter of 
course in which sense the parameter name is used. 
-the specific subscripts of the corresponding para­
meter are also added to k.) 
With reference to section 3.5.6 a set of coefficients, with 
which the alinear viscoelastic behaviour of the skin in one 
direction can be characterized, is given in table 3.1. 
The 16 coefficients of table 3-1 are not independent of 
each other. κ and к , depend on Ε , η , к and E ,, pu pd pu pu' pu pd' 
η and к respectively and E and к have to depend 
on the other parameters by definition. 
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region of the time 
deformation curve 
ε 
au 
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Ъи 
Ebu 
E
ad 
Ebd 
Ebd 
E
cd 
ε
τ 
model 
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E 
su 
E 
pu 
ν 
E
sd 
Epd 
V 
n
sd 
ET 
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coefficient 
E 
su 
E pu 
η pu 
E
sd 
Epd 
V 
n
.d 
ET 
coefficient 
of alinearity 
к 
su 
к 
pu 
κ 
pu 
k
 A 
sd 
k
 A 
Pd 
pd 
K
sd 
4 
Table 3.1 The characterization of the alinear viscoelastic 
behaviour of the skin by an initial coefficient of 
elasticity or viscosity and a coefficient of 
alinearity for each model parameter. 
It is rather questionable whether к
ф
 has any physical meaning 
or not. The summation of a number of principally different 
kinds of deformations with each its own alinearity does not 
even have to result in a single overall coefficient of alineari­
ty. The remaining 12 coefficients form the minimal set with which 
the total behaviour can be described. Still, in the following 
sections the set of 16 constants will be used for reasons 
of convenience. 
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3.5.Ö The determination of the initial coefficients of 
elasticity and visconity and the coefficients of 
alinearity. 
The formulation of the alinear behaviour in the previous 
section is only meaningful if the experimental data of the 
distinct stress-strain curves are correctly fitted by the 
logarithmic stress-strain relationship. In general there is 
a good agreement between the experimental data and the fit. 
Especially the purely elastic deformation fits very well. 
Usually correlation coefficients over 0.995 are found. 
The fits of the delayed elastic and the permanent defor-
mations usually show lower correlation coefficients. It is 
not perfectly clear whether this is due to the larger un-
certainty of the data points or to a less adequate descrip-
tion of this behaviour. In chapter 5 we will come back to 
the adequacy of the logarithmic relationship. 
The accuracy of the coefficients is not always the same. 
Especially the determination of к may give problems in some 
cases. Two distinguishable effects can make it difficult to 
determine a reliable value for k: 
- A relatively large uncertainty in the data points usually 
due to relatively small deformations indicating high 
initial coefficients (e.g. the σ versus e , curve) 
cd 
- Insignificant curvature of the stress-strain curve. 
Unfortunately both effects are usually present together 
resulting in a still larger inaccuracy of the k-values. 
Yet this combined appearance of both effects does not 
necessarily have consequences for the magnitude of the value 
к as will be shown in the following numerical example. 
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Suppose two stress-strain curves with the same value 
for к (e.g. к = 10) and strongly different E values 
(e.g. E.. = 1 χ 1СГ Nnf , E. = 1 χ 10 Nm" 2). 
. k -2 
With the maximum admissible stress value of It . 10 Nm 
it can be calculated from equation 3-31 that in the 
first case E' has been increased with a factor of 5 
5 - 2 
within the measuring range (from 1 χ 10 Nm to 5 
5 -2 
χ 10 Nm ), indicating a high curvature of the stress-
strain relationship while in the second case E' only 
6 - 2 6 
increases with k0% (from 1.0 χ 10 Nm" to 1 Λ χ 10 
—2 Nm ), indicating a much less pronounced curvature and 
relatively much smaller deformations. 
Therefore it is important to calculate the accuracy of the 
parameter values as well. This has been done by a standard 
computer programme for biomedical applications: BMD0TR 
(Dixon, 197^*)· In this programme the inaccuracy of the 
parameter values is calculated as an estimated value of the 
standard deviation around the optimal values. 
*Under supervision of the "Mathematisch- Statistische Advies­
afdeling" . 
3.5-9 Parameter characterization of the alinear viscoelastic 
behaviour of the human skin. 
In this section the results in the principal directions of all 
the coefficients of table 3.1 will be presented as they have 
been determined on the subject mentioned before in section 
3-5·6. This set of values is given in table 3.2. Table 3.2 
does indeed show that some coefficients cannot be determined 
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coefficient 
E 
su 
к 
su 
E 
pu 
к 
pu 
η 
pu 
κ 
pu 
E
sd 
k
sd 
Rpd 
kp d 
V 
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n
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K
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E
.o 
k
.o 
value along 
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20.5 • 4 Ζ 
21 + 25 Ζ 
40 + 18 Ζ 
225 + 40 Ζ 
180 + 28 Ζ 
1400 + 49 Ζ 
20.0 + 4 Ζ 
17 + 20 Ζ 
84 i 15 Ζ 
395 + >50 Ζ 
490 i 15 Ζ 
2400 + >50 Ζ 
4000 + >50 Ζ 
43000 + >50 Ζ 
16.7 + 3 Ζ 
17 + 20 Ζ 
value across 
Langer's lines 
1.38 + 6 Ζ 
16 i 8 Ζ 
2.4 + >50 % 
375 + 16 Ζ 
10 + >50 Ζ 
1200 + 31 Ζ 
1.34 + 2 Ζ 
15.8 + 3 Ζ 
5.1 + 18 Ζ 
318 + 11 Ζ 
31 + 23 Ζ 
1940 + 17 Ζ 
+ - Ζ 
30600 + >50 Ζ 
1.07 + 3 Ζ 
16.6 + 3 Ζ 
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-
xlO5 
-
xlO5 
-
χΙΟ
5 
-
χΙΟ
5 
-
χΙΟ
5 
-
χΙΟ
5 
-
χΙΟ
5 
-
Ν. m"
2 
-
Ν. m"
2 
-
Μ "
2 
N.s.m 
s 
Ν. m"
2 
-
Ν. m"
2 
-
N.s.m 
s 
« -2 N.s.m 
s 
N.m"2 
-
ТаЪІе 3.2 Parameter characterization of the alinear 
viscoelastic behaviour of the skin of a 
woman aged 35· 
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with acceptable accuracy, η , could not be determined 
sd 
within a factor of 10. 
3.6 Discussion 
3.6.1 Introduction to the discussion 
The description and the characterization of the alinear 
viscoelastic behaviour of the skin in the principal direc­
tions in fig.3.22 and 3.23 and in table 3.2 respectively 
make the impression of an overwhelming amount of data. Still, 
without starting the interpretation of the results, a number 
of remarks can be made which classify and simplify the view 
on the skin and which already give a lead to the interpre­
tation of the results. Although the results of only one 
subject are given remarks are based on the experience ob­
tained by a number of subjects. 
In general these remarks can be classified in three cate­
gories: 
- about the viscoelastic behaviour 
- about the alinear behaviour 
- with respect to structure and anisotropy. 
In the following sections these three categories will be 
dealt with successively. Finally, in section 3.6.5 the resul­
ting view on the skin will be presented. 
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3.6.2 Discussion of the viscoelastic behaviour 
Since all viscoelastic parameters show anisotropic and 
alinear behaviour the most surprising results with respect 
to the viscoelastic behaviour are the constancy of τ both 
with stress and direction and the different values of 
τ 'up * and 'down'. 
The constancy of τ suggests that the same viscoelastic 
process takes place in the skin regardless of the magni­
tude of the stress and (for that reason (see chapter 5)) 
independent of the measuring direction, indicating that the 
stiffness and the stiffening of the medium for larger 
stress values, are not involved in this viscoelastic process. 
It will be obvious that this independence of these changing 
elastic properties can never be understood within the theory 
of a homogeneous isotropic medium. Also the meaning of η 
as a purely viscous independent dashpot becomes questionable. 
It is remarkable to demand of an alinear dashpot that it 
should have a coefficient of alinearity which depends with a 
constant factor on the coefficient of alinearity of an 
alinear spring. 
The third result means that the velocity of this stress-inde­
pendent viscoelastic process is higher when the skin is 
driven out of its original position passively than when it 
returns actively to its original position after loading. 
This together with the fact that E has a higher value than 
E (in other words, the minor amplitude of ε, , with respect pu bd 
to e, ) indicates a certain ranging by this process in the 
medium. With the word ranging is meant that (as far as the 
viscoelastic process is concerned) 
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the skin reacts relatively quicker and with larger deforma­
tions on an outside load than could be expected from results 
in absence of an outside load. Neither can this effect be 
explained in a homogeneous isotropic medium, but is very 
well imaginable in a fibrous structure embedded in an 
interstitium (Finlay and Brown (1971), Barberei (1973), 
section 5-3). 
A direct consequence of the smaller amplitude of ε, , is, 
since this discrepancy can not be explained from the magni­
tude of η , that essentially ε , must have a higher amplitude 
than ε (E , a lower value than E ). The validity of this 
au sd su 
statement will be shown in chapter 5. 
The differences between the distinct E and τ-values 'up' 
Ρ 
and 'down' make a physical meaning of η still more 
questionable. Since η is the product of E and τ (3-21 ) 
Ρ _ Ρ 
the discrepancy between η and η , is even larger than 
the discrepancies found in E and τ. It is hardly accep­
table that a dashpot changes its properties more than a fac­
tor of 2 depending on the active or passive state of the 
deformation. So far the delayed elastic part of the time 
deformation curve has to be interpreted as the result 
of some independent viscoelastic process the behaviour of 
which can be characterized best with a time constant and 
an E and к -value for each state of the deformation. 
Ρ Ρ 
The magnitude of the time constants found in our experi­
ments is much smaller that those presented by Sanders (1973). 
Sanders, however, did not analyse each part of the time 
deformation curve separately but fitted the total curve 
assuming equality of the parameters 'up' and 'down'. 
13U 
As an example of the determination of τ a semilogarithmic 
Olot of ε as a function of time is given in fig.3.25. 
* bdj[ 
Τ 
5 
ι—ι—г 
10 (sec) t 
Fig.3.25 Semilogarithmic plot of ε
Μ
 as a function of 
time. The determination of τ,. 
Except for the first 1.5 seconds after loading the results 
do indeed show a single exponential relationship with a 
time constant of about 6 seconds. In order to avoid further 
complications in the description the different behaviour 
in these first 1.5 seconds will be neglected. 
e is very small in comparison with the other regions 
cd 
of the time deformation curve. This means that m most 
cases η and κ , cannot be calculated with acceptable 
'sd sd 
accuracy. 
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3.6.3 Discussion of the alinear behaviour 
The most surprising result with respect to the alinear behaviour 
of the skin is that along and across Langer's lines all k-values 
of corresponding regions of the response are equal. 
This very important datum, the validity of which will he 
shown for a large number of subjects of different ages and 
sex in chapter 5, signifies that in spite of the high 
anisotropy of the medium the stress-strain curves of the 
distinct regions of the time deformation curve can be 
scaled into each other by a single scaling factor on the 
values of the stress (see equation 3-33). 
A consequence of this agreement of the k-values is that the 
anisotropic properties of the piece of skin can be expressed 
completely by the initial coefficients of elasticity and 
viscosity. A second consequence is that the magnitudes 
of the k-values of the distinct regions give quantifica­
tions of angle-independent properties of the piece of skin 
employed. 
The k-values 'up' and 'down' of the same regions of the time 
deformation curve are also equal to each other indicating 
similar processes in the skin. On the other hand k-values 
of distinct regions differ greatly. This is a strong ar­
gument for the existence of independent processes in the skin. 
In fact this argument underlines the description of the 
delayed elastic part in the previous section as the result 
of an independent viscoelastic process. 
As can be seen in table 3.2 the coefficients of alinearity 
can be determined much more accurately across Langer's 
lines than along Langer's lines. Since the Ε-values across 
Langer's lines are much smaller and the k-values are 
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equal to the results along Langer's lines the higher accuracy 
in the k-values across Langer's lines is the result of a 
much larger curvature of the stress-strain relationship 
(see the numerical example in section 3·5·8). 
З.бΛ Discussion of the anisotropy 
As can be seen in fig.3.22 the stress-strain relationships 
in different directions are not identical. In other words 
there exists a certain anisotropy in the skin (Stark, 1977). 
Since it has been shown in the previous section that the 
coefficients of alinearity are indentical in the principal 
directions, the curve along Langer's lines can be scaled to the 
curve across Langer's lines with a single scaling factor A 
which is equal to the ratio of the initial coefficients of 
elasticity. 
A = f - (3-39) 
91 
This scaling factor can also be called the anisotropy factor 
or in short the anisotropy. Since the time constants appeared 
to be independent of the measuring direction the anisotropy 
of viscous parameters can be defined as the ratio of initial 
coefficients of viscosity. In order to distuingish them from 
anisotropy factors of coefficients of elasticity they will 
be called a. So for instance: 
α
 d = VIL (3_U0) 
Vi 
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From the results of table 3.2 the anisotropy factors of 
the distinct regions of the time deformation curve are 
presented in table 3.3. 
coefficient 
E 
su 
E 
pu 
V 
E
.d 
S« 
"pd 
\d 
E
.o 
anisotropy 
A 
su 
A 
pu 
α 
pu 
ad 
pd 
pd 
a
.d 
A
,0 
value 
14.9 
16.7 
18.0 
14.9 
16.5 
15. β 
-
15.6 
Table 3.3 Survey of the anisotropy factors found in the 
parameter characterization of the skin of a 
woman aged 35 in table 3.2. 
3.6.5 The view on the mechanical properties of the skin 
In the previous three sections, all remarks tend to the same 
view on the mechanical properties of the skin. Combining the 
results the skin presents itself as a highly anisotropic and 
viscoelastic medium with a typical alinear behaviour. 
The three viscoelastic regions in the response seem to be 
independent of each other and to be based on three processes 
in the skin of different origin: 
- a purely elastic process, which is responsible for the 
purely elastic part of the time deformation curve. 
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- a viscoelastic process, which is responsible for the 
delayed elastic part of the time deformation curve. 
- a purely viscous process, which is responsible for the 
permanent deformation. 
The different origins of the processes are reflected by the 
different coefficients of alinearity. The fact that the time 
constants of the delayed elastic regions are independent of 
the magnitude of the stress and the measuring direction also 
gives rise to this view. 
In this view it should be remembered (section 3.^.7) that the 
effective widths of the tabs are not identical in both 
directions. In the more stiff direction along Langer's lines 
no residual width is found while in the weaker direction 
across Langer's lines a residual width is found which is 
even larger than in a homogeneous isotropic medium. No doubt 
this is a consequence of the highly anisotropic structure. 
Since some parameters have lost their meaning within this 
view and some are roughly spoken equal to other ones, the 
total anisotropic alinear viscoelastic behaviour of a piece 
of skin can be characterized by a subset of 12 parameters. 
This subset is shown in table 3.h. 
In table 3.4 each process is characterized by the highest 
initial coefficient of elasticity or viscosity, the aniso-
tropy factor and the coefficient of alinearity . Instead 
of the η -coefficients the time constants of the delayed 
elastic part are added. The coefficients of alinearity are 
presented of the results in the direction across Langer's 
lines. In this direction the coefficients can be determined 
with the highest accuracy. The interpretation of the meaning 
of these 12 parameters in terms of skin structure will be 
given in chapter 5· 
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Table 3.U Total characterization of the anisotropic 
alinear viscoelastic behaviour of a piece of 
skin by a set of 12 parameters. 
3.7 Parameter variability with external influences 
3.7.I Overall reproducibility 
As stated in section 3Λ·9 the data presented are the 
data of one out of two attachments of the apparatus to the 
skin with 'indistinguishable data'. With 'indistinguishable 
data' is meant that the same magnitudes of the time-defor­
mation curves were found within 10$. In experiments along 
Langer's lines the reproducibility is usually better than 
10$. Across Langer's lines the reproducibility is worse, 
typically 10$, in most cases. This is possibly due to the 
shape of the calf. Yet, in this direction this poor repro­
ducibility is only reflected in the initial coefficients and 
not in the coefficients of alinearity. This means that the 
parameters of table 3.U are not only the characterizing 
parameters which can be calculated with maximal accuracy 
but also the parameters with the best reproducibility in 
the experiments. The long-term reproducibility on healthy 
subjects is as good as the short-term reproducibility. 
Repetition of experiments during three years did not show 
any differences in the data. 
3·7·2 The effect of indenting the skin with the tabs. 
Since the tabs of the apparatus are attached to the skin 
surface with a double sided adhesive tape (see section 3.3-6) 
the actual attachment of the tabs to the skin is established 
by pressure by means of indenting the skin with the tabs for 
half a minute. After this time the tabs are pulled back to 
restore the original situation of the calf to start the 
measurements. Incorrect sticking usually causes an undesired 
shift of the movable tab during this action. 
When the tabs are pulled back somewhat beyond the point of 
contact the measuring results change dramatically. When 
the tabs are not pulled back as far as the point of contact 
the changes in the results are less drastic. In the first two 
millimetres of indentation the measuring results hardly 
change with the indentation depth. Normal experiments are 
performed with an indentation depth of 1 mm. 
3·7·3 History dependence 
In torsion measurements Finlay (1971) has shown that in repe­
titive loading the response of the skin in the first cycle 
is different from the responses in the following cycles. When 
we perform repetitive constant loading measurements imme­
diately after sticking the tabs to the skin, we also find 
that the response of the first loading cycle differs from 
the other cycles. In the first cycle a rather large diffe­
rence is found between e and ε ,, in contrast with the 
au ad 
11*1 
normal result (see section 3.6.2) ε is larger than ε ,, 
au ad 
and ε , is about four times the usual deformation. Since we 
cd 
cannot judge what happens to the skin during the attachment 
of the tabs and that this attachment as such is also a kind 
of loading of the skin we decided (section ЗЛ.9) to shake 
up the skin immediately after attachment in order to obtain 
the same history in the skin in each experiment. After this 
shake-up no different behaviour of the first normal loading 
cycle was found. 
3.7.1+ Temperature dependence 
Since the skin exhibits viscoelastic behaviour it is of 
interest to investigate the temperature dependence of the 
viscous parameters. After all, it is well known that viscous 
materials possess strongly temperature dependent viscous 
parameters in most cases.By varying the room temperature and 
acclimatizing the subject we established to obtain skin 
temperatures in the range between 26 and 3U C. Below 26 С 
goose-flesh occurs, beyond 3k С the skin starts excessive 
perspiration. None of the viscous parameters did show any 
dependence on temperature in this range. According to 
Van der Leun et al. (197*0 such a small temperature depen­
dence only occurs in fluids with low viscosity. His results 
on blister fluid did also show the same small temperature 
dependence while his results on suction blistering time 
strongly depend on temperature. So, our result may be an 
indication that the fluid in the skin is responsible for 
the viscous parameters. 
1U2 
3-7·5 Different locations 
Vlasblom (I967) has shown that on the back of the arm the 
results of the skin hardly depend on location as far as the 
experiments are not done at locations too close to the 
elbow. Sodeman and Burch (1938) and Gibson (I969) showed 
considerable differences in skin stiffness on different sites 
of the body. Abdominal and forearm skin are less stiff than 
lower leg and dorsal foot skin. 
Besides on the calf we have examined the skin on the hack of 
the arm of a few subjects. On the same subject the coeffi­
cients of alinearity are identical on both sites. Along Langer's 
lines the initial coefficients are about 10 times less on the 
forearm. Across Langer's lines the forearm is about a factor 
of 2 less stiff. So, the anisotropy on the forearm is decreased 
to about 2 or 3. The time constants on both sites are the same. 
These results indicate that the skin of both sites not only shows 
typical differences but also a remarkable resemblance. Diffe­
rences will have to be explained from quantitative differences 
in the composition of the skin. Corresponding parameters on 
both sites will have to be interpreted as properties of the 
constituents of the skin or skin structure. 
З.7.6 Discussion of parameter variability 
The results of the previous sections show that the mechanical 
properties of the human skin in vivo can very well be determined 
in uniaxial strain experiments paying attention to some external 
influences. Location and temperature dependence offer oppor­
tunities to gain more insight in the relationship between the 
mechanical properties and the composition of the skin. 
IU3 
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CHAPTER k TORSION MEASUREMENTS ON THE HUMAN SKIN 
U.1 General introduction 
This chapter deals with the determination of the mechanical 
properties of the human skin in vivo in torsion experiments. 
Within the theory of homogeneous isotropic media torsion 
experiments determine shearing properties of the medium which 
can be easily converted to the results of uniaxial strain 
experiments (section 2.2.3). However, this conversion is not 
very simple for homogeneous anisotropic media and cannot be 
performed at all for inhomogeneous anisotropic media unless 
a number of assumptions are made with respect to the compo-
nents and the structure of the medium. In fact the comparison 
of the results of torsion and uniaxial strain measurements 
on the same site offers the opportunity to check to what extent 
the assumptions about homogeneity and isotropy of the medium 
under investigation are correct. Moreover, in case of an 
inhomogeneous anisotropic medium a correspondence of the 
results of both measuring techniques is a test on the varia-
bility of the assumptions made about the components and the 
structure of the medium. 
It is not clear how the range of small deformations comparable 
with the range used in uniaxial strain measurements can be 
defined. From the work of Vlasblom (196?) it is known that 
torsion measurements can easily be performed when very small 
twisting moments are involved (about 1 mN.m). 
Since the alinear behaviour of the skin in a uniaxial strain 
experiment and the description of this behaviour in the 
previous chapter are not affected by a possibly too small 
•\kl 
range of deformations torsion measurements in conformity 
with the methods of Vlasblom are preferable. In this chapter 
results will be presented which are obtained with an im­
proved version of Vlasblom's apparatus. Since the results 
are obtained by generating square twisting moments and 
detecting the resulting torsion angles as a function of time, 
some aspects of the experimental procedure and the analyses 
have already been treated in the previous chapter. 
Again there exist configurational problems which have to be 
solved before correct absolute values of the coefficients 
of elasticity and viscosity can be derived from these 
'shearing' experiments. 
The construction of this chapter is completely in analogy 
with the previous chapter. 
4.2 Theoretical considerations with respect to the 
measuring technique and the configuration. 
4.2.1 Introduction 
According to the general description in section 2.2.3 the 
shearing properties of an anisotropic sheet can be deter­
mined by applying a shear force on the medium in a prin­
ciple direction and detecting the resulting angle of 
shear (see equation 2-18): 
'ху G ху 
ху 
As long as the medium is almost homogeneous the definition 
of a shear modulus G as in equation (4-1) is meaningful 
since it contains the time and shear force dependent alinear 
viscoelastic shearing properties of the medium in question. 
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However, in contrast to uniaxial strain experiments, torsion 
experiments are essentially two-dimensional. This means that 
the results found in a torsion experiment are not only the 
results of shear forces in the principle directions but are 
results of shear forces in all directions. 
Since the skin on the calf has been described in the previous 
chapter as a highly anisotropic medium it is worthwhile to 
go further into the theory of a homogeneous anisotropic sheet 
in the next sections. 
In case of an inhomogeneous medium the translation of the 
micro scale description of an infinitesimal element to the 
macro scale of a torsion experiment is seriously hampered 
by the lack of uniqueness of the micro scale definitions. 
Thus, already before any description of a torsion measurement 
can be given, suppositions have to be made about some 
properties of the inhomogeneous medium to be investigated. 
This is a strong argument against doing only torsion measure­
ments on an inhomogeneous medium and this is a considerable 
complication in the comparison of the results of uniaxial 
strain and torsion measurements in such a medium. 
U.2.2 A homogeneous anisotropic sheet 
In a homogeneous anisotropic sheet the result of 
a shear stress in the plane of the sheet on an element 
а.Дх.Ду is an asymmetrical deformation of the element. Still, 
the magnitude of the deformation can be characterized by the 
angles of deformation (figA.1). Although Θ. is not equal to 
θ the sum of both angles of deformation is still the definition 
of the angle of shear γ 
xy 
-\k9 
fig. 4.1 Shear strain in a homogeneous anisotropic sheet. 
It is obvious that the magnitude of θ and Θ- will depend on 
the angle the element made originally with the principal 
directions in the sheet. Suppose an anisotropic sheet with 
the highest coefficient of elasticity in the direction of the 
x-axis, the lowest coefficient of elasticity in the direction 
of the y-axis and a gradual decrease in stiffness from the 
x-direction to the y-direction. When a shear stress is applied 
in a principle direction θ will be the maximum angle of 
deformation (stiffest direction). Define G as a parameter 
indicating the shearing properties in the direction of the 
x-axis and G as a parameter in the direction of the y-axis 
by the following definitions: 
τ τ 
G = -¡OL G = -** 
χ
 2 ' у 1 
г = τ 
ху ух 
(U-2) 
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Then the ratio G to G indicates, like the ratio of E_ to 
X y XX -
E (see equation 2-18), the anisotropy ( A) in the medium: 
E G 
jP = ^  = A (U-3) 
УУ У 
The shear modulus G (equation k-"\) can easily be expressed 
in G and G using the defintion of γ (equation 2-5): 
x y 'xy 
1
 +7Γ (U-U) G G G 
xy x У 
Combining equation U-3 and k-k leads to: 
which shows that in highly anisotropic media G is nearly 
completely determined by the shearing properties in the 
weakest direction. 
U.2.3 The description of a torsion measurement on a sheet 
The torsion method as described by Vlasblom (19бТ) is a 
technique with which shear stresses are generated in the 
medium by means of a twisting moment ( M) on a rigid cir­
cular disc (radius R,) which is attached to the medium 
d 
with a double-sided adhesive tape. 
The resulting deformation of the surrounding medium allows 
the disc to turn and the resulting torsion angle of the 
disc is an integrated measure of the angles of shear in the 
surrounding medium. 
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In order to obtain a shear modulus of the medium, Vlasblom 
regarded the medium as a homogeneous isotropic sheet with 
infinite boundaries. Since the anisotropy and the inhomo-
geneity of the skin is under discussion here, an extension 
of his theory -will be presented for homogeneous anisotropic 
media and some fundamental remarks will be made about the 
representation of inhomogeneous properties in a torsion 
measurement. Since in our experiments the infinite boundaries 
are limited to the boundaries of a concentric guard ring 
((inner radius R ) like in the experiments of Finlay (1970)), 
S 
the following theory is confined to that measuring condi­
tion. An arbitrary element of the medium between the disc 
and the guard ring has the volume а.г.Дф .Дг in cylindrical 
coordinates (fig. U.2). 
Fig. It.2 Shear strain in a torsion configuration; the 
deformation between disc and guard ring. 
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When in equilibrium with a twisting moment on the disc the 
inner side of the element at a distance r of the origin 
has been turned over an angle of ψ and the outer side, 
which is at a larger distance r + Δτ from the origin, has 
been turned over a somewhat smaller angle φ + -г*· . Δτ 
(the angle φ is supposed to be small ( a few degrees at 
most) , much smaller than drawn in fig. U.2). 
So the inner and outer arcs have been shifted with respect 
to each other with a relative displacement which amounts to 
-ff . Ar . r (U-6) 
This shifting is due to a shear of the medium. According 
to the natural shear definition (section 2.2.2) the angle 
of shear equals: 
Y - - f . r (U-7) 
and since this angle of shear is generated by a shearing 
stress, the shearing stress on this element is equal to: 
τ = - 0(Γ,ψ). I* . r (U-8) 
In i*—θ ΰ(τ,ψ) is the specific shear modulus of the element 
in the specific direction before deformation. In case of a 
homogeneous isotropic medium G(r,ip)=G and for a homogeneous 
anisotropic medium G(r,ijj) is a function of G , A and ψ. 
Because of the homogeneity G(r,i|0 is not a function of r. 
According to the previous section the following description 
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of the anisotropic behaviour can be given. Let ψ = 0 and 
ΤΓ . . . . . 
ψ = — be the principal directions in the medium and let 
the latter be the weakest direction G. π = G . In that case 
Ψ=2 У 
G. = G = A.G . Suppose that the stiffness at an inter-
ψ=0 χ У 
mediate angle G. can be expressed as an elliptic funtion 
(fig. и.ъу ψ 
Fig.U.3 Definition of the shearing stiffness in a 
specific direction as an elliptic function. 
•instead of the elliptic function, any other continuous 
function can be supposed. As long as this function shows 
a gradual decrease from G to G qualitatively the same 
χ y 
results will be obtained. 
15U 
V, - ( % 1 ) . cos2«, 
Α 
In correspondence with equation (4-4) G(r,ijj) equals: 
Ψ Ψ + 2 
Substitution of 4-9 in 4-10 leads in combination with equation 
4-5 to: 
0(г,ф) = ^ Ц ^ . G - -
'
r
 A xy \/л /A2 - 1x 2. Д А ,A2 - 1X . 2. » 1 - ( — ) .cos ψ + V 1 _ ( —).sin ψ 
A A 
= GCG^, Α, ψ) (4-11) 
Since a.r-Δψ is the tangential surface area of the element the 
shearing force corresponding with the shearing stress τ, is 
Р = т . а . г . Д ф = - σ(Γ,ψ). a . д^ · . Δψ . г 
(4-12) 
So that the total twisting moment on the whole cylindrical 
surface (with radius г and thickness a) can be found by 
integration over ψ and amounts to: 
π 
2 
M = F.r = - a . || . r 3 . / 4 G(r,i|») άψ (4-13) 
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The integral equals 2ffG for a homogeneous isotropic medium 
and 2πΰ . k(A) for a homogeneous anisotropic medium, with: 
xy 
«»•kl à uî i A ) · 2π V ,Α2 - 1
λ
 2. 1 - ( —).cos ψ 
dû 
sin ψ 
This factor only depends on the anisotropy of the medium. 
As can be seen in fig.U.U k(A) equals 1.0 for an isotropic 
medium and decreases continuously to a value of about 0.8 
for a highly anisotropic medium. The solution of the 
2.0-, 
k(A) 
1.5_ 
1.0_ 
ОБ­
ОЛ J T i l l I • ' ' ' I ' ' ' ' I 
1 0 1 5 2 0 
» A(NISTROPY) 
Fig. k.k k(A) as a function of the anisotropy. 
integral and the behaviour of k(A) lead to the following 
conclusions: 
- In both the isotropic and the anisotropic situation the 
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shear modulus found is the shear modulus of the corre­
sponding generalized plane stress matrix (2-18). 
- Isotropy is a limit situation (A=1) of the anisotropic 
description; 
G
xy · k ( A )A=1 « G 
- Irrespective of knowledge about the anisotropy, G can 
be determined but for a factor k(A). k(A) is in the 
range between 0.8 and 1.0. 
Using the more general anisotropic description equation 
U—13 leads to the following expression for -τ*· (in equili­
brium the twisting moment M equals the outside generated 
value): 
Δφ_ =M ±_ /1, ,ς\ 
Δτ " 2 . π . a . G . k(A) * 3 H - i ^ 
xy г 
and since the rotation angle φ of the disc is given by the 
integral on -τ*· from the radius of the guard ring to the 
radius of the disc: 
R 
J 
R 
g 
the following equation describes a torsion experiment: 
φ = f d g . dr (4-16) 
* • I, . π . a M α • t(A) · ( 7 I - 72> ( 1 ,- , 7 ) 
xy R, R 
d g 
Since equation 4-1Τ is derived for both isotropic and aniso­
tropic homogeneous media, the anisotropy cannot be detected 
in a torsion measurement. Deviant behaviour of an unknown 
medium with respect to equation 4-17 can only be the result 
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of inhomogeneity of the medium. Equation U—IT simply indicates 
that the rotation angle is proportional to the twisting moment 
and inversely proportional to the thickness of the sheet and 
to some configurational quantity with the dimension of an 
area. Only in this last quantity the inhomogeneity of the 
medium can be noticed as the result of a different behaviour 
with respect to the extensiveness of the measuring area. For 
this reason torsion measurements as a function of the radii of 
the disc and the guard ring can show to what extent an assump­
tion about the homogeneity of the medium is correct. These expe­
riments form a welcome contribution for checking the assumptions 
made about the composition and the structure of an inhomogeneous 
medium (see the general introduction of this chapter). 
U.2.1+ Torsion measurements on a sheet 
Torsion measurements are performed by attaching the disc and 
the guard ring to the medium by means of a double-sided adhesive 
tape. As in uniaxial strain experiments it is obvious that the 
effective distances in the medium will not be equal to the 
actual dimensions of the disc and the guard ring. Furthermore 
φ will depend on the deformation in the adhesive tape and in 
the apparatus as well and for M the same considerations with 
respect to thermodynamic and chemical effects can be made 
as for the force generated in a uniaxial strain experiment. 
Therefore in equation k-YÏ the effective parameters must be 
substituted: 
** - i» . , . , * . KA) · ^  - & (U"18) 
^
 Rd Rg 
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'Phis equation can only be used in a torsion experiment when 
the relationships are given between the actual values as 
indicated by the apparatus (φ , M, R, and R ) and the corre­
al б 
sponding effective values in the medium (φ*. M*. R* and R*). 
8 
Since U—18 is limited to homogeneous media, and since it is 
unknown whether the skin can be considered homogeneous or 
not, the relationships between actual and effective values 
have to be determined for a homogeneous medium. The same 
rubber sheet as mentioned in chapter 3 is used for this pur­
pose. The results of test experiments both on the rubber 
sheet and on the skin will be treated in detail in section i+. U. 
k.3 The apparatus 
U.3.1 General description 
As mentioned in the general introduction of this chapter the 
torsion device is an improved version of Vlasblom's apparatus 
(1967)· Since these improvements are rather radical, a detailed 
description of the various parts of the apparatus will be given 
in the following sections. In view of the considerations given 
in chapter 2, a twisting moment is generated and the resulting 
rotation angle of the disc is measured. The apparatus can be 
subdivided in three units (see fig.U.5): a twisting moment 
generator, a rotation detector and an application unit. 
The twisting moment is generated by the original permanent 
magnet-turning coil system of Vlasblom. The rotation of the disc 
is measured by a rotation transducer. The application unit 
consists of an axle in low friction ball-bearings at the end of 
which the exchangeable discs can be mounted and of a connection 
for the exchangeable guard rings. The rotation transducer and 
the application unit are coupled on both ends of the coil axle 
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of the twisting moment generator. By using excentric pen 
and groove connectors there is no need for a perfect lining 
of the three axles. 
rotation detector 
twisting moment 
generator 
application unit 
Fig. it.5· a. Schematic representation of the torsion 
apparatus. For further description see text, 
Fig. U.5. b. Perspective view of guard ring and disc 
on the medium. 
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U.3.2 The generation of the twisting moment 
Originally the magnet-coil combination which generates the 
twisting moment was a part of a type of recorder manufactu-
red by NIEAF. The original tip bearings of the turning axle 
of the coil are replaced by the low friction ball-bearings 
to obtain a more stable coupling between the three units. 
To this end the coil axle has also been prolonged. The coil 
resistance is 63 Ohm. The magnitude of the twisting moment 
M is proportional to the current I in the coil: the M to I 
ratio equals 0.0392 N.m.A" . The maximum twisting moment 
allowed is about U mN.m (I = 100 mA). The shoes of the per-
manent magnet are designed in such a way that M is indepen-
dent of the rotation angle. The maximum rotation angle is 90 
degrees. 
In mechanical terms true stepwise twisting moments can be 
generated electromagnetically with this construction and the 
same programmable current source can be used as in the 
uniaxial strain experiments. 
U.3.3 The measurement of the rotation angle 
The rotation angle of the disc is measured by a WT1 Cam Bauer 
AG low friction transducer of the differential capacitive type. 
The minimum detectable rotation angle is one thousandth of the 
selected detection range (IOO - 5000 arcmin.). All rotation 
angles will be expressed in arcminutes*. The registration 
of the signals of the programmable current source and the 
rotation angle is performed in the same way as in the uniaxial 
strain experiments (section 3.3.3). 
*0ne radian equals 3^37-75 arcminutes. 
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l+.3.*+ Dynamic properties of the apparatus 
When the appratus is attached to the гиЪЪег sheet the combi­
nation can be considered as a damped mass-on-a-spring system 
and the dynamic properties of the apparatus can be determined 
experimentally. In a torsion experiment these properties are 
the moment of inertia of the rotating part and the friction 
in the apparatus. Adding up the calculated moments of inertia 
of the different elements (see fig. k.^.a.) gives a value of 
ft 2 
3.1 χ 10 N.m.s for the total moment of inertia of the rota­
ting part of the torsion apparatus. 
The steprespomie of the system is shown in fig. h.6. 
Π inco Гіц. h.6 showü 
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Fig. 4.6 The stepresponse of the torsion apparatus attached 
to the rubber sheet 
a) The generation of the twisting moment 
b) The response of the combination 
oscillations it can be concluded that the system is underdamped. 
1б2 
The resonance frequency equals 28 Hz and the logarithmic 
decrement has a value of 2.2 indicating a dynamic friction 
in the apparatus of Ί.1 χ 10 N.m.s/rad. 
Fig. h.6 also shows that these oscillations, which are caused 
by the dynamic properties of the apparatus vanish after 0.1 sec. 
From that moment on the increase of the magnitude of the 
response is only due to viscoelastic properties of the rubber. 
The signal-preprocessing which diminishes this distortion is 
the same as in the case of uniaxial strain experiments 
(section З.З.5)· 
U.3.5 The application of the apparatus to the skin of the calf 
The attachment of the apparatus is performed by sticking both 
the guard ring and the disc to the skin of the calf with the 
Scotch HOO double-sided adhesive tape. The radii of the discs 
used are in the range of U-I5 mm. The inner radius of the 
guard ring R is in most cases 12.5 nmi and can be varied in 
О 
the range from 5-15 mm. The outer radius of the guard ring is 
always R + 5 mm. Experiments take place under the same condi-
S 
tions as in uniaxial strain experiments (see section 3.3.6). 
The apparatus is mounted on a support and is counterbalanced 
so that it can work in every direction. Guard ring and disc are 
attached to a piece of skin which is already 'isolated' from 
the rest of the body by a second guard ring (see fig. h.j) 
to avoid disturbances. 
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Fig. U.7 Photograph of the measuring situation in a 
torsion experiment on the calf. 
This second guard ring is a relatively large plate which is 
fixed to the mass of the apparatus and in which a cylindrical 
hole is made with a radius of ^5 mm concentric with the 
axle of the apparatus. 
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U.U Determination of the effective parameter values 
U.U.1 Introduction 
In the following separate sections the theoretical description 
of a torsion measurement will be checked on the rubber sheet, 
and the effective parameter values will be determined. 
Furthermore the homogeneity of the skin will be tested with 
comparative measurements with different radii of the disc and 
the guard ring. 
These experiments will be presented in the following sequence: 
- the correction on the rotation angle {k.k.2) 
- the correction on the twisting moment (U.U.3) 
- the correction on the radii of the disc and the guard ring 
and the results as a function of the extensiveness of the 
measuring area on the rubber sheet (U.U.U) 
- the test measurements on the skin (U.U.5) 
- the experimental procedure for measurements on the skin 
(U.U.6). 
For the thickness of the skin the same value has been taken 
as in uniaxial strain experiments (see section 3.U.8). 
U.U.2 The correction on the rotation angle 
The rotation angle φ which is detected by the rotation trans­
ducer will be equal to the sum of the deformation angle in 
the apparatus ( φ ), the angle in the adhesive tape ( φ ,) 
and the rotation angle in the medium under investigation 
( Φ*): 
*
 = ф
ар
 + ф
а
а
 + ф
*
 {h
-'
9) 
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The magnitude of φ is appreciable (about 5$ of the torsion 
angle of the skin) because of the compromise between mini-
malization of the moment of inertia and minimalization of the 
deformation angle of the rotating part of the apparatus. 
Since there is already the necessity of a correction of the 
rotation angle due to the viscoelastic properties of the 
adhesive tape, a light construction with the benefit of mini-
malizing the inertia has been chosen for. In fact the larger 
part of the correction of the rotation angle is due to defor­
mation in the apparatus. Assuming that the adhesive qualities 
of the tape are equal on different media the sum of φ and 
φ can be determined in a separate experiment in which the 
torsion apparatus is attached to a rigid perspex plate. As the 
surface area of the guard ring is normally 6 times that of 
the disc the deformations in the adhesive tape on the guard 
ring can be neglected in comparison with the deformations in 
the adhesive tape on the disc. 
The rotation angle of the apparatus and of the adhesive tape 
can be determined independently of each other by repeating 
experiments with different disc radii or by fixation of the 
axle at the location of the disc. Since our interest is limi­
ted to the corrections on the total rotation angle this will 
not be dealt with in detail. 
The rotation angle of the apparatus attached to the perspex 
plate (φ + φ ) shows a similar viscoelastic behaviour 
ap ad 
due to the properties of the adhesive tape as in uniaxial 
strain experiments (section 3.Ί.2). Fig. U.8 shows that both 
different kinds of deformations are linear. 
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Rd* 5j0mm 
R0 »12.5mm 
-M (mN.m) 
Fig. h.ö ψ-Μ-curves of the deformation in the apparatus and 
in the adhesive tape. 
o = purely elastic deformation 
χ = delayed elastic deformation 
The correction on the rotation angle is performed Ъу the com­
puter in an analogous way as in uniaxial strain experiments. 
The rotation angles of φ + φ , as a function of time for Q r
ap Tad 
each configuration and for each programme have been measured 
and stored in the computer. 
i+. i+. 3 The correction on the twisting moment 
As in uniaxial strain experiments the φ*-Μ relationship of 
both the rubber sheet and the skin show a small 'threshold' 
for very small rotation angles (see section 3.1+.3 and 3.1*.6). 
Fig. It.9 shows the φ* versus M curve of the skin. 
10 
The smooth curve through the measuring points intersects 
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l.he M-tixLs ut <*i value of 0.08 mN.m. 
4 0 0 -
fn 
larcmin) 
i\ 300-
2 0 0 -
1 0 0 -
-> M ткни 
Fig. U.9 Φ* versus Μ curve of the human skin 
10 
Subtraction of this value from M gives the correct magnitiide 
of the twisting moment in mechanical terms M*. Without this 
subtraction there are again difficulties in determining the 
initial shear moduli from the curve. 
it.lj.l* The corrections on the radii of the disc and the guard 
ring and the verification of the theory on a rubber 
sheet. 
According to equation U—l8 there exists for a homogeneous 
medium a specific relationship between the rotation angle 
and the extensiveness of the measuring area. Comparative torsion 
measurements at a constant twisting moment with the same disc 
radius and different guard ring radii will have to show a 
linear relationship between φ* and R*~ and comparative 
measurements with the same guard ring radius and different 
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disc radii will have to show a linear relationship between 
φ* and R*"£'. 
However, a verification of this theory can only take place 
when either the correction on R, or the correction on R is 
d g 
known. The arguments concerning a discrepancy between R and 
R* and between R and R* are the same as for the discrepancy 
^ O D 
between 1 and 1* in an uniaxial strain experiment (see section 
3.^.5)· In view of these arguments it has to be expected that 
a constant length has to be subtracted from the radius of 
the disc and has to be added to the radius of the guard ring. 
Furthermore the length added to the radius of the guard ring 
will be less than the length which has to be subtracted from 
the disc radius because of the larger circumference of the guard 
ring. Moreover, adding a small length to the radius of the 
guard ring will have a relatively much smaller influence in 
the description of equation H-I8 than subtracting the same 
value from the radius of the disc. For all these reasons the 
difference between R and R* will hardly be substantial in the 
S δ 
application of equation U-I8. The linearity of φ* versus 
-2 
R has been tested on the rubber sheet. 
β 
Fig. U.10 shows the results for a twisting moment of U.1 mN.m. 
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Fig. lt. 10 The rotation angle φ as a function of R in 
О 
rubber at a constant twisting moment. The deter­
mination of the effective disc radius. 
Comparative measurements are performed with guard rings of the 
following radii: 6.0, 7.5, 10.0, 12.5 and 15.0 mm, and without any 
guard ring at all. The data fit very well to a straight line, 
which indicates that equation U—18 is indeed a correct des­
cription of a torsion experiment on a homogeneous medium 
and that the assumption made about the difference between R 
g 
and R* is also correct. The straight line intersects the 
-2 ^  h -2 
R -axis at a value of 6.7+0.k χ 10 m 
g 
According to equation 1*-18 φ* equals zero when R* equals R*, 
so the effective value of the radius of the disc in the medium 
can be calculated from this intersection; R* = 3.8 + 0.1 mm, 
which is 1.2 mm less than the actual radius of the disc. 
Comparative measurements with other magnitudes of the twis­
ting moment show that R, does not depend on this parameter. 
When the whole set of measurements is repeated with another 
disc radius almost the same difference between R, and R* is 
d d 
found. This gives rise to the conclusion that the discrepancy 
between R, and R* is a result of a local effect of the medium d d 
and the adhesive tape at the edge of the disc. 
With the aid of equation U-18 the shear modulus of the rubber 
sheet can be determined from the slope of the straight line 
in fig. U.10. Since the rubber is isotropic this slope equals: 
M* k . π . a . G 
_2 
resulting in a value for G of 0.63 i 0.03 MN.m . 
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Assuming the same adhesive properties of the tape on rubber 
and on the skin and considering the fact that rubber and skin 
have about the same shear modulus, the effective values of the 
disc and the guard ring will be the same in rubber and in skin. 
U.4.5 Test measurements on the skin 
As stated in the previous section the homogeneity of the skin 
can be verified by testing the φ* versus R* relationship at 
6 
a constant twisting moment. The torsion angles found at a twis­
ting moment of k.O mN.m with the same five radii of the guard 
ring as in the previous section and without the guard ring are 
indicated with the open circles in fig.U.11. 
SCO. 
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-2 Fig. k.'\'\ The rotation angle φ* as a function of Rj~ in 
human skin. 
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Fig. 4.11 shows that the measuring points cannot be fitted 
with a straight line and that in the experiment without a 
guard ring ( R =0) a rotation angle is found which is twice 
g 
as large as when the largest guard ring is used (according to 
equation U—18 only an increase of about J% was expected). 
This result is a strong argument against regarding the skin 
as a homogeneous medium. 
However, if we ignore the experiment without a guard ring, the 
deviations of the results from the best straight line through 
—2 —2 
the R* -point on the R* -axis are, though consistent, not 
very substantial. Therefore, at this stage, lacking the appro-
priate description of the behaviour of the human skin in a 
torsion experiment, which will be discussed in chapter 5 » 
in all following sections of this chapter homogeneity will be 
pretended and 'shear moduli' will be derived on the basis of 
equation 4-18 using the corrections found with rubber (section 
k.h.k). 
k.h.6 The experimental procedure of measurements on the skin 
In view of the results in the preceding sections effective values 
for skin measurements can be substituted in equation 4-18 and 
the 'shear moduli' of the skin can be calculated. Since the 
anisotropy cannot be determined in a torsion experiment (section 
4.2.3), it is preferable not to use our knowledge about the 
anisotropy of the skin as gained from the uniaxial strain 
experiments. So, the medium will be considered as isotropic: 
G .k(A) = G. Unfortunately equation 4-18 cannot be rewritten in 
a configuration independent way like the stress-strain relation-
ship. 
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Therefore φ*-Μ* relationships will he used to present the 
behaviour of the skin. In analogy with the stress-strain 
relationship equation 4-18 can he rewritten as follows: 
•* " G ' f {k-20) 
с 
In which S is a scaling factor which depends on the confi­
guration and which has the dimension of a volume: 
S = U . π . a . — : — - — — (U-21) 
C
 (— - — ) 
R*2 R*2 
d g 
All results of the skin presented in the next sections are 
obtained with the following configuration: R, = 5-0 mm, 
R = 12.5 mm, thus R* = 3.8 mm and R* = 12.5 mm, resulting 
S d _7 3 g 
in an S value of 2.6 χ 10 m . 
с 
ф*_М* relationships are obtained by applying 12 successive 
square twisting moments on the skin along the same procedure 
as in uniaxial strain experiments (see section 3.4.9)· 
U.5 The alinear viscoelastic behaviour of the skin 
4.5.1 The response of the skin to a square twisting moment 
and the viscoelastic analysis of the response. 
An example of the response of the skin on the calf as a 
function of time to a square twisting moment is shown in 
fig. 4.12. 
Fig. 4.12 shows a similar viscoelastic behaviour as in 
uniaxial strain experiments both during the stepresponse 
and after loading. 
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Fig. U.12 The response of the skin to a square twisting 
moment. 
The three distinguishable regions in the response, which 
are indicated in the schematic representation of fig. 
k.13.a, are : 
- an instantaneous purely elastic rotation, φ* 
- a delayed elastic rotation, φ* 
- a permanent deformation, φ* 
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a) 
Fig. U.13 a) Schematic representation of the response of the 
skin to a square twisting moment, 
b) Burgers' model in a torsion configuration. 
These three regions can be characterized in a similar vay as in 
the uniaxial strain experiments with a variant of Burgers' 
model for shearing deformations (fig. ^.13.b). 
φ* is the response of a serial shear spring, G 
a, S 
φ* is the response of a shear spring, G , and a dashpot, 
γ
 yin parallel 
φ* is the response of a serial shear dashpot, γ . 
С s 
As an 'overall' parameter φ* can be defined as the total torsion 
angle at the cessation of the loading (t = 10 sec). G1f. can be 
defined as an 'overall' shear modulus in accordance with 
equation ^ -20: 
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°10=φ* 
M* (k-гг) 
ю 
The differential equation of Burgers' model in a torsion 
configuration can Ъе derived from the similar equation in 
uniaxial strain experiments (3-18) by the following sub­
stitution rules: 
Ф* 
M* 
s 
с G 
s 
G 
Ρ 
Ύ
Ρ 
\ 
for 
for 
for 
for 
for 
for 
ε 
σ 
E 
s 
E 
Ρ 
η
Ρ 
% 
These result in: 
.
φ
. . £ + ώ + Ι· + Ι*,.Μ·*!ώ ¿ . γ :* + ν
γ
ρ φ»
 =
 m ,
 ν τ r t 
Ύ 3 , φ G , φ . S V G G G " S G .G ' S 
ρ с p s p c s p c 
(U-23) 
With the same rules the response of Burgers' model to a 
square twisting moment can be derived from the equation 
3-19/3-2U: 
ф*( ) = 0 t < 0 {k-2k) 
(**(t)t+0 - c i t y - f . ι-
с s 
t = 0 (U-25) 
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φ·(ΐ) = f- . (¿- + *- + ¿- . (1 - exp(- \))) О < t < Τ 
с s s ρ 
(U-26) 
with 
Ύ. 
"i 
Jp 
τ = -^ (U-27) 
(Φ·(ΐ)
ΐ+Τ
 - Ф*( )
 + Т
) = - f . 1 t - т (U-28) 
с s 
Ф*( ) = ψ . (^ - + ¿- - (1 - ехр(- f)), ехр (- ^ ) ) t > Τ 
с *s ρ 
(U29) 
The determination of the parameters from the response has been 
performed in the same way as in the case of uniaxial strain 
experiments (see section 3·5·5)· 
Because of the substantial discrepancies in parameter values 
'up' and 'down' again the subscripts u and d are added to the 
distinct parameters and rotation angles in a corresponding 
way as in uniaxial strain experiments. 
177 
ψΙ,Ι'ΙΟ
1
 tre min) 
H* (mNm) 
1 2 Э 
Фм МО »remin) 
о о 
о о 
-» M ( mN m ) 
<р
е-
 (ι 10 «remin) 
1 
О о о 
о О 
эо° 
M (mNm ) I 
В 1 
•С (» ) 
Î 
7 
6 
5 
4 
3 D 
г 
ОО
 0 ° О О О о о О 
M ( m N m ) 
ф ^ (HO^arc min ) 
I 
H * ( m N m ) 
В 1 Ζ 3 
φ'
Μ
 (iltl «remin) 
î 
ι г э 
ipi (iio'ircmin) 
H* (mNm) 
В 1 
τ . («> 
M* (mNm) 
Fig.U.lU φ*-Μ* and τ-Μ* r e l a t i o n s h i p s of t h e human sk in i n vivo 
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Fig.h.15 Twisting moment-parameter diagrams of all parameters 
of Burgers' model. 
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4.5.2 The representation of the alinear viscoelastic behaviour 
of the human skin. 
Taking the different behaviour of the skin 'up' and 'down' into 
account, the complete description of the behaviour of the skin in 
a torsion measurement can be characterized either by φ*-Μ* 
relationships of the distinguishable parts of the deformation 
C ' C ' C ' **d' Ф*са a n d Ф*0 r e s P e c t i v e l y t o w h i c h ^ e 
τ -M* and τ,-M* relationships are added or by the twisting 
moment-parameter diagrams of all t,he parameters of Burgers ' 
model (G ,G ,γ , G , , G , , Y , , Y , and G.- respectively), 
su pu pu sd pd pd ' ' sd 10 * J 
As an example the behaviour of the skin on the calf of the same 
subject as in chapter 3 is presented in fig. U.1U according to 
the first characterization. The twisting moment-parameter diagrams 
of the same results are given in fig.4.15· 
As in uniaxial strain experiments all φ*-Μ* relationships show 
alinearity in the declination of the curves, indicating a stif­
fening of the medium for larger twisting moments, which can be 
recognized in fig. 4.15 as the increase of the parameter values 
for larger twisting moments. By accident for this subject some 
parameters show an unlucky dispersion of the data. 
4.5.3 The description of the alinear behaviour of the skin 
The equation which corresponds to the logarithmic stress-strain 
relationship can be obtained from 3-33 by using the substitution 
rules of section 4.5.1, substituting k' for k: 
о с 
In this equation G is the initial shear modulus and k' is a 
dimensionless coefficient of alinearity for torsion. 
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The agreement between experimental data and the fit according 
to this equation is very good in most cases. As can be observed 
in fig. k."\k the curvature in a torsion experiment is not always 
substantial. In correspondence to 3-11 the derivative of the 
twisting moment to the torsion angle equals: 
— = S . G' = S . G + к' .M* (I4—31 ) 
,,* с с о ' 
which indicates the independence of the curvature of the φ*-Μ* 
relationship from the configuration. The use of a smaller disc 
is only reflected in a smaller S -value, indicating a smaller 
initial slope as the result of the larger torsion angles. 
A rearrangement of equation U—31 leads to the following 
expression for G': 
^ M* d -z— 
G' = ~ = G + к' . f- (1+-32) 
αφ* с 
M* 
which underlines the shearing stress-dimension of —-— and 
. .
 b
c 
which indicates that in parameter vs. twisting moment diagrams 
k' the alinearity equals — . Using equation U-30 for the dif-
о 
С . . . 
ferent regions of the response the total alinear viscoelastic 
behaviour of the skin in a torsion experiment is characterized 
by a set of G and k' values. The corresponding equations 
for the viscous parameters can be obtained by an appropriate 
substitution into equations 3-37 and 3-38, substituting 
κ' for κ: 
4ä - Ysdo + Ksd f <*-33> 
с 
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ρ ρο ρ s
c 
Note: As in the uniaxial strain experiment, in order to avoid 
the use of a third subscript ( ) the corresponding nar.es of 
the parameters in Burgers' model will be used in the following 
sections to indicate the initial value of the shear moduli. 
To k' the specific subscripts of the corresponding parameters 
will also be added. 
1+.5.1* Parameter characterization of the alinear viscoelastic 
behaviour of the skin. 
The set of constants with which the alinear viscoelastic behaviour 
of the skin in a torsion experiment can be characterized, consists 
of the 16 coefficients which are presented in table U.1. 
These 16 coefficients all have a similar meaning as the corre­
sponding coefficients in a uniaxial strain experiment. The 
values found on the same site of the same subject as in the 
uniaxial strain experiments are given in table U.1. Value and 
accuracy range are calculated with computer programme BMD07R 
(Dixon, 197b). 
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Part of the 
déformât ion 
curve 
au 
С 
•bu 
*;„ 
*hd 
•id 
*c*d 
*ίο 
coefficient 
С 
su 
к' 
su 
G 
PU 
k' 
pu 
V 
pu 
C
Sd 
k s d 
'Va 
pd 
%d 
'pd 
Y
sd 
K
sd 
G
,0 
klo 
value 
1.6 + 137 
5.0 • 87 
1.9 + 32% 
170 + 167 
8.0 + 257 
700 + 227 
1.46 • 57 
5.0 • 47 
5.1 • 187 
100 + 117 
10 * 207 
600 <· 137 
200 • 507 
15000 * 507 
1.07 t 57 
5.3 + 47 
unit and 
d intension 
5 -2 
xlO N.m 
xlO 5 N.m"2 
5 -2 
xlO N.s.m 
s 
5 -5 
xlO N.m 
5 -2 
xlO N.m 
5 -2 
xlO N.s.m 
s 
xlO N.s.m"2 
s 
5 -2 
xlO N.m 
Table 4.1 Parameter characterization of the alinear visco-
e l a s t i c behaviour of t h e skin of a woman aged 35· 
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H.6 Discussion 
Ι*.6.1 Introduction to the discussion 
When we look at the results presented in fig. U.1U and fig. 
U.15 and in table U.1 it appears that in outline the same 
effects are found as have already been discussed in section 
3.6 for the results of uniaxial strain measurements. 
However, since no data can be obtained about the anisotropy 
of the medium in a torsion experiment, these results as such 
do not present such a clear view of the skin as the uniaxial 
strain data do. In chapter 5 the results of both methods will 
be brought together in one interpretation of all the results 
found. 
h.G.2 Discussion of the viscoelastic behaviour 
WiLh respect to the viscoelastic behaviour the independence 
of τ and τ of the magnitude of the twisting moments is 
noticeable, as well as the different values 'up' and 'down'. 
Together with the result that G , is higher than G and, 
consequently, the lower value of G , with respect to G , 
these results show the same stiffness-independence of the 
viscoelastic process and the same reserve of this process in the 
active state as in the uniaxial strain experiments (section 
3.6.2). The values of τ and ΐ 3 are the same as in uniaxial 
u d 
strain experiments and are thus much smaller than the time 
constants presented by Sander (1973) in his torsion measure­
ments (see section 3.6.2). 
I8it 
h.6.3 Discussion of the alinear behaviour 
The к'-values for the passive and the active state of the 
regions in the response are equal, indicating similar pro­
cesses in the skin 'up' and 'down'. The k'-values of diffe­
rent regions are markedly different indicating the different 
processes in the skin (section 3.6.3). 
The ratios of the k'-values of the different regions are the 
same as in uniaxial strain experiments. The absolute values 
are about three times less. Again the alinearity of the per­
manent deformation, φ*, can hardly be determined accurately. 
k.6.k The view on the mechanical properties of the skin 
The discussions underline at all stages qualitatively the 
view on the skin which is described in the discussion of the 
results of the uniaxial strain experiments (section 3.6). 
The same processes of different origin, which are acting indepen­
dent of each other and from which the summation of the 
torsion angles is found in the experiment, can be distinguished. 
The time constants are the same and the coefficients of 
alinearity show corresponding ratios as in the uniaxial strain 
experiments. The ratios of the initial values 'up' and 'down' 
also correspond in both types of experiments, while the ratios 
of the initial values of the different regions in a torsion 
experiment show intermediate values between the corresponding 
ratios found along and across Langer's lines. In fact only 
this last datum, together with a quantitative correspondence 
of the magnitudes of the initial values and the coefficients 
of alinearity will have to be understood to obtain full 
agreement between the results of both measuring techniques. 
As in uniaxial strain experiments the number of parameters of 
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table U.1 can be decreased. The absence of a physical meaning 
and the lack of uniqueness of some parameters reduce the 
number of meaningful parameters to 9· Neglecting anisotropic 
effects these 9 parameters have a similar interpretation as in 
uniaxial strain experiments. 
purely elastic 
delayed 
elastic 
'up' 
'down' 
viscous 
Initial coefficient 
of shearing 
elasticity or 
viscosity 
C
sd 
G 
pu 
GP<i 
Y
sd 
Coefficient 
of alinearity 
k
' A 
sd 
pd 
sd 
time constant 
-
τ 
u 
Td 
-
Table 4.2 Total characterization of the alinear viscoelastic 
behaviour of a piece of skin in a torsion measurement 
by a set of 9 parameters. 
k.7 Parameter variability by external influences. 
As in uniaxial strain experiments the data presented are the 
results of one out of two attachments to the skin with 
'indistinguishable results'. Usually, both the short term 
and the long term reproducibility is within 5% which is better 
than the reproducibility in uniaxial strain experiments (section 
3.7.1) 
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In our opinion this is due to the measuring configuration 
of a torsion measurement in which the piece of skin under 
investigation is limited to well defined borders, which is 
not the case in an uniaxial strain experiment. 
With respect of the effect of indenting the skin with the disc 
and the guard ring similar results are found and similar 
procedures are followed to diminish the effect as in uniaxial 
strain experiments (section 3·7·2). 
Also in history and temperature dependence similar results are 
found (section 3·Τ·3 and ЗЛЛ). The history dependence is corre­
sponding the results of Finlay (1970). The temperature dependen­
ce is insignificant for skin temperatures in the range 26-3h °C. 
On the same subject the skin on the back of the arm shows 
identical coefficients of alinearity as the skin on the calf. 
The initial coefficients of elasticity are about 5 times less 
than on the calf, while the time constants on both sides are 
the same. These results correspond with the results in uniaxial 
strain experiments. The decrease in stiffness in torsion 
measurements is intermediate the decrease found in uniaxial 
strain measurements across and along Langer's lines, 
(section 3.7-5)· 
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CHAPTER 5 A FIBRE MODEL AS A DESCRIPTION OF THE BEHAVIOUR 
OF ΗΙΉΑΝ SKIN 
5.1 General introduction 
In the two previous chapters the results have been presented 
of uniaxial strain and torsion measurements on the skin. 
In both types of experiments the skin behaves as an alinear 
viscoelastic medium of which it is not clear whether it can 
be regarded as homogeneous or not. Furthermore the uniaxial 
strain measurements show that the skin of the calf is highly 
anisotropic. 
This chapter begins with a quantitative comparison of the 
results of both measuring techniques (section 5.2) which 
shows the inadequacy of regarding the skin as a homogeneous 
(an-)isotropic medium. In section 5.3 a theory will be pre­
sented with which, starting from the histological data about 
the constituents and the structure of the skin (chapter 1), 
an interpretation of the mechanical behaviour of the skin 
can be given in terms of fibre properties and fibre-fluid 
interactions: a fibre model. 
Then, in section 5·^, a new description of a torsion experi­
ment will be given based upon this fibre model. With this 
new description the experimental relationship with respect 
to the extensiveness of the measuring area (section b.k.5) 
can be interpreted. Section 5-5 presents considerations 
about the model using histological literature data concerning 
fibre structures and fibre arrangements. 
In section 5·6 the assumptions made for deriving the model 
will be verified with a number of experiments on different 
subjects. Finally, in section 5-7, the mechanical properties 
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of the skin will be characterized in terms of amounts and 
qualities of the fibres involved as well as of the proper-
ties of the interstitium. 
5.2 The homogeneity of the skin 
5.2.1 Theory 
As has been stated in sections 2.2.3 and k.î a comparison 
of the results of torsion and uniaxial strain measurements 
offers the possibility of checking to what extent assumptions 
about homogeneity and isotropy of a medium are correct. 
According to section 2.2.3 the shear modulus G and the coeffi-
cient of elasticity E of a homogeneous isotropic medium 
are related to each other (2-13): 
G =
 2(VTT) <5-0 
The Poisson ratio ν ranges from 0.0 to 0.5 depending on the 
compressibility of the medium. 
For a tissue like human skin the compressibility is still 
under discussion. Some authors (for instance Hickman et al., 
1966) consider the skin as incompressible because of its 
water-like composition, others (for instance Kenedi et al., 
1965) emphasize the local displacement or squeezing of fluid 
under stress, which can result in a local compression of the 
medium. 
Without stating a preference it follows directly from 5-1 
that a medium which can be regarded as homogeneous and isotropic, 
has to show an E to G ratio in the range between 2 and 3. 
However, since we have found a high anisotropy in the skin, 
equation 5-1 cannot be used for the comparison of the results 
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of torsion and uniaxial strain experiments. The homogeneity 
of such an anisotropic medium can only be checked after an 
equation corresponding 5-1 has been derived for a homogeneous 
anisotropic medium. 
Referring to equation k-k the shear modulus G of a homo­
geneous anisotropic medium can be expressed in the coefficients 
G and G of the principal directions (y-direction weakest 
direction): 
3 -5 *5 <5-2> 
xy x y 
where G = A.G 
x У 
It follows from 5-2 that an isotropic medium with a coeffi­
cient G in all directions has a shear modulus G which equals: 
У 
G = ¿G (5-3) 
«У 
Since in the anisotropic situation: 
G =т4-Т · 3 (5-U) 
xy 1 + A y 
G can be expressed i n t h e shear modulus G of t h e weak i so-
xy 
t r o p i c medium: 
G
xy = f t Ì - G (5-5) 
Measuring G .k(A) in a torsion experiment (=G/ »), this 
latter equation can relate G,. % to the coefficient of 41
 (tors) 
elasticity in the weakest direction E by substituting 
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5-1 in 5-5: 
2 . A . k(A) ЕУУ ,
ς
 ,* 
G(tors) 1 + A ' 2(v + 1) l 5 _ 6 ; 
Since in an anisotropic medium with a considerable anisotropy 
(A » l),k(A) has a value of about 0.8 (fig.li.U), the E to 
G/ ν ratio will range from about 1.2 to 1.9 depending on 
the value of the Poisson ratio. 
5.2.2 The E to G ratio of the rubber sheet 
Since the rubber sheet which we have used in our test experi­
ments (sections 3.h and k.h) is fairly homogeneous and isotropic 
and since we have found that both the stress-strain relation­
ship and the twisting moment-torsion angle relationship are 
linear, the E-raodulus and the G-modulus found can simply be 
divided by each other and related to equation 5-1· The E to 
G ratio equals k.O + O.U. Although this ratio is outside the 
range of homogeneous isotropic media this ratio is in full 
agreement with the results presented in the literature for this 
kind of vulcanized rubber (Lindley, MRPRA). According to Lindley 
vulcanized rubbers show thixotropic effects which increase 
the E to G ratio. In fact our values of the Ε-modulus and the 
G-modulus are both equal to his values for rubbers of this 
rigidity (IHRD =55). 
5.2.3 The E to G ratio of the skin 
In view of the high anisotropy of the skin and the alinear 
behaviour of both the stress-strain and the twisting moment-
torsion angle relationship only the initial E and G moduli 
can be related to each other and the resulting ratio has to 
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be compared with equation 5-6. These initial moduli are 
unquestionably valid for infinitesimal small deformations 
so in this comparison no objections can be made with res­
pect to the magnitudes of the deformations. 
According to the results of table 3.2 for the E-moduli 
across Langer's lines and of table U.1 for the G-moduli, 
the ratio of E to G,.
 N is about 0.9. This ratio lies 
УУ (tors) 
significantly beyond the range expected in a homogeneous 
medium (between 1.2 and 1.9)· This result and that of section 
k.h.5 cannot be interpreted if the skin is regarded as a 
homogeneous anisotropic medium and demand a more sophisti­
cated description of the skin. 
5.3 Modelling the 'fibres in a fluid'-concept 
5.3.1 The structure of the skin 
In chapter 1 the fibrous structure of the skin has been pre­
sented as a structure in which only the elastin and the 
collagen fibres embedded in the interstitial fluid determine 
the mechanical properties. According to a number of authors 
(Barbenel et al., 1973, Tregear, I966, Montagna and Parakkal, 
197*0 the total stress-strain relationship, measured in vitro 
from very small deformations up to rupture, shows a 'biphasic' 
shape (fig.5.1)· For lower stress values, the 'toe-part' of 
the curve, the skin is relatively weak. But on elongations of 
about 30% the skin becomes stiff and can hardly be elongated 
further. This second rather stiff part has been studied thorough­
ly (Morgan, i960; Tregear, I966). It is generally accepted and 
it has been quantitatively verified that this part reflects the 
elastic properties of the collagen fibres. 
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Fig.5-1 The stress-strain relationship of the human 
skin in vitro 
Less attention has been paid in the literature to the 'toe-
part' of the curve. The main reason for this is the absence 
of suitable apparatus to perform the required measurements. 
Our results of chapter 3 coincide with the very beginning 
of the stress-strain curve. In this phase it is without 
doubt that either the structure of the collagen or the 
elastic properties of the elastin fibres or a combination 
of both in a viscous interstitium determine the alinear 
viscoelastic properties of the skin. 
A number of authors suggest (Kenedi, 19б5; Craik and 
McNeil, 1965) that in this first phase of the stress-strain rela­
tionship the winded collagen fibres are straightened and 
aligned along the direction of the stress. The bend between the 
two phases is assumed to be the result of aligning more and 
I9U 
more fibres. According to Gibson and Kenedi (1967)» the 
elastin fibres act as an energy storage device to return 
stretched collagen fibres back to their relaxed position. 
This means that the structural effect of straightening the 
collagen fibres,mentioned before,is an effect of the elas-
tin fibres in the skin. So the displacement of the collagen 
fibres controlled by elastin fibres in a viscous intersti-
tium characterizes the alinear viscoelastic behaviour 
of the skin in the first phase. 
Daly (1969) gives a strong•argument in support of this state-
ment by comparing the total stress-strain characteristics 
of the skin before and after treatment with elastase. Whereas 
the second phase of the curve hardly changed, the first phase 
decreased considerably, which means an enormous decrease in 
stress needed to straighten and align the collagen fibres. 
Without anticipating the verification of our fibre model, we 
can give two additional arguments in favour of the elastin 
controlled behaviour in the first phase: 
- All coefficients of elasticity found in our experiments 
show a decrease with age. As has been mentioned in section 
1.3, elastin fibres degenerate and become less involved, 
while collagen fibres stiffen with age. These results will 
be presented and discussed in section 6.3. 
- In spite of the high anisotropy the alinear behaviour can be 
described in both principal directions with the same 
logarithmic function and with equal coefficients of alinea-
rity. This result means that the alinearity is independent 
of skin stiffness and thus independent of the amount of 
fibres and of fibre recruitment, but > on the other hand, 
195 
does depend on fibre properties which has to be of elastin 
since collagen is too stiff to be involved. 
5.3.2 The basis of the model 
In the preceding section it has been made plausible that for 
small deformations the skin is controlled by elastin fibres. 
However, in contrast with most other soft biological tissues, 
the quantity of elastin fibres in the skin is very low; 
approximately k% fat free dry weight (Weinstein et al., i960, 
see also section 1.2). This means that it is very well imagi­
nable that the elastin fibres in the skin do not interfere 
with each other, which means that the behaviour of a number of 
fibres can be described by the sum total of the behaviour of 
the single fibres. 
The basis of our model is the assumption that the logarithmic 
stress-strain relationship of the skin as a whole (equation 
3-33) corresponds to the description of the behaviour of an 
elastin fibre and that the mechanical properties of the skin 
can be described by the sum total of all the elastin fibres 
involved. 
Since stress and strain can only be defined on an infinitesimal 
element a distinction has to be made between an infinitesimal 
element which consists of elastin and an infinitesimal element 
of skin which contains elastin fibres. 
Suppose an element which only consists of one single elastin 
fibre in the direction of stress. Under our assumption for this 
element the following stress-strain relationship (subscript f 
for fibre) holds: 
1 V °f 
ε. -£ . ln(l +HH L) (5-7) 
f kf Efo 
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For an element of skin which contains only that elastin 
fibre in the same direction the corresponding relationship 
(3-33) is valid: 
ε =
 к *
 l n ( l +
 E^ } (5"8) 
о 
Since the same fibre controls 5-7 and 5-Q» both equations 
are related to each other. In the first place the elongation 
of the element of skin equals the elongation of the fibre: 
ε = €f (5-9) 
Secondly σ is a force divided by the cross sectional area 
of the element of skin (=CA), while σ is the same force divi­
ded by the cross sectional area of the fibre (=CA„), so: 
CA 
σ
 =
 af · сГ ( 5- 1 0 ) 
Equation 5-10 shows that the correct stress on the fibre is 
underestimated with the ratio of the cross sectional areas. 
This means that the initial coefficient of elasticity E 
о 
underestimates Ε^0 with the same ratio: 
CA 
E
o =
 Efo-cF ( 5" 1 1 ) 
Since both 5-7 and 5-8 only describe an identical behaviour 
of the fibre when к equals k_ equation 5-8 can be rewritten 
in the fibre notation. 
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The alinear stress-strain relationship of an element of 
skin which contains one elastin fibre equals: 
1 к . σ 
ε
 = І ·
 l n ( l
 + пд ) (5-12) 
k f CA^ 
^fo'CA 
and in correspondence with 3-31 : 
CA CA 
I - сГ · Ef - сГ · Ef6 + V o (5-13) 
An element of skin which contains η fibres in series connec­
tion is also governed by 5-12 and 5-13. For the behaviour of 
fibres in parallel we have to return to the meaning of σ in the 
description of the alinear behaviour in section 3·5·7· 
With thi 
equals : 
he definition of E as the product of к and σ , О. 
о * o f о 
CA 
So, 5-13 can be rewritten as: 
C Af C Af σ 
fo 
This equation indicates that σ is that value of the stress 
C Af for which -pr- . EÎ. is doubled (see f ig. 5.2). η Fibres in 
parallel in an element of skin will have an η times higher 
CA to CA ratio, which results in a stiffening of the 
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initial coefficient of elasticity to: 
CA, 
CA * Efo 
-»•σ 
Fig.5.2 The dependence of 
the stress 
Oh 
CA 
E' of the magnitude of 
The stress needed on the element to double the stiffness to twice 
this initial value is η times the stress needed for one fibre. 
This means that σ is η times higher than in the case of one 
σ . Equation 5-1 ^  learns that k_ keeps the same fibre: η 
value. Thus, in the case of η parallel fibres in an element 
of skin, equation 5-12 changes to: 
ε = — ln(l + 
k f.a 
bfo· 
CA f.n' 
CÄ~ 
(5-16) 
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A comparison of 5-16 with 5-Q shows that with the assumptions 
made it is possible to determine a fibre property, viz. 
the coefficient of alinearity of elastin fibres, in an uni­
axial strain experiment even when the number of fibres, the 
initial coefficient of elasticity and the cross sectional 
area of a fibre are unknown. 
The value of CA is known from scanning electron microscopy 
studies of the skin. According to Montagna and Parakkal (197*0 
elastin fibres range in diameter from 0.5 to 8.0 χ 10~ m. 
-12 2 A typical value of CA. is therefore 1 χ 10 m . Thick fibres 
can be considered as a bundle of thin fibres with each a CA 
value as mentioned. The ratio — is a histological datum which 
is not reported in the literature. This means that E„ cannot be 
ro 
calculated. An estimation of E„ will be presented in section 
5Λ.3. 
5-3.3 The consequences of the model 
As shown in chapter 3 in uniaxial strain experiments the stress-
strain curves of the skin in different directions can be fit very 
well by the same logarithmic relationship with equal values for 
the coefficients of alinearity. These results can be explained 
by the fibre model if the following reasonable conditions are 
fulfilled: 
- The infinitesimal element containing a number of fibres can be 
translated to the macro scale of the experiment; i.e. a homo­
geneous fibre distribution. 
- The sum total effect of parallel fibres is also valid on macro 
scale. 
- The number of fibres involved remains the same during the strai­
ning process. 
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The presentation of an element of skin containing one fibre or 
a number of fibres in series or parallel connection, has been 
limited to very simple networks in the previous section. 
However, in the skin only a tangle of fibres exists. 
But every tangle of fibres can be considered to be built up as 
a number of series and parallel connections, provided that 
the parallel fibres do not interfere with each other. This 
means that in a uniaxial strain experiment the η of equation 
5-16 stands for the average number of effectively involved 
parallel fibres in the skin in that direction. Within this view 
the third condition means that the elastin fibres do not orien­
tate to the direction of the stress. The high anisotropy found 
experimentally supports this statement. A high anisotropy cannot 
be found in an orientating medium. 
The consequences of this view are important for the interpre­
tation of the results of uniaxial strain experiments. Suppose 
that in a piece of skin the mean number of effectively involved 
fibres along Langer's lines equals N|| and across Langer's lines 
equals N¿ (Nj. < N|| ). In this case the anisotropy of the skin 
(A ) equals in a fibre notation (see equation 3-39)· 
E
 M
 N
« -
E f o 
s d | _ 
Es*l „ . . * 
CAf 
" CA) 
CAf A = —
2 i a
= (5-17) 
sd E
 л
. "* о н ; 
S d i
 N..L·, .
 п л 
A
 fo CAi 
The anisotropy equals apart from a factor which depends on the 
measuring configuration the ratio of the average numbers effecti­
vely involved fibres in the principal directions and is there­
fore a parameter of fibre arrangement. 
E , and E , indicate, but for a scaling factor E„ .CA„ which 
sd|i sd^ ' ö fo f 
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is unknown, the average numbers of effectively involved fibres. 
Until now the viscoelastic behaviour has been ignored. 
It has been argued before (section 3.6.2) that there are 
three independent processes in the skin. 
- With respect to the purely elastic process it can be 
concluded that this is determined by the elastin fibres 
as such which are purely elastic (Carton et al., I962). 
The three parameters of the purely elastic process (see 
table 3-1+) characterize its three independent properties: 
- E , is a measure of the maximum number of effec-
sd|i 
tively involved fibres, 
- A characterizes the fibre arrangement, 
- к j may be regarded as a quality of the elastin 
sd^ 
fibres. 
- The delayed elastic process is a fibre-fluid interaction. 
The independence of the magnitude of τ of the magnitude 
of the stress and the measuring direction (section 3.6.2) 
implicates that this time constant is not the ratio of the 
viscosity of the interstitium and the elasticity of the 
elastin fibres. The independence of τ of the measuring 
direction means an independence of τ of the stress on a 
fibre over a large range. The constant value of τ does indi­
cate that a fibre-fluid interaction takes place regardless 
of the magnitude of the stress on the fibres or the number 
of fibres involved. Possibly this effect is due to the 
displacement of the bulk of the skin fibres (the collagen 
fibres) through the interstitium or to the local squeezing 
of interstitial fluid by collagen fibres. 
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Yet, the amplitude of this effect is controlled in some 
way by the elastin fibres. The high correlation between 
E and E values which will be discussed in section 5.6.2 
s ρ 
supports this statement. 
- It is likely that such a displacement of the bulk 
of collagen fibres, in which these fibres become 
straightened and orientated along the line of 
stretch, may involve larger amounts of elastin 
fibres than in the purely elastic process, while 
the anisotropy found does not have to show the 
same value either. 
- A second consequence of internal shifting in the 
medium is that the description of the alinear 
behaviour as a logarithmic function might not be 
applicable since it is not likely that the number 
of fibres involved will remain the same. A false 
application of the logarithmic function will result 
in an overestimation of the coefficients of alinea-
rity due to the increase of the number of fibres 
in the measuring direction by the shifting process. 
It becomes even doubtful whether such coefficients 
have to be considered as fibre properties or as 
characteristics of the shifting process. 
- A third consequence of internal shifting is a 
different behaviour 'up' and 'down'. The relative 
increase of e , with respect to ε and the conse-
ad au 
quent decrease of ε , with respect to ε , as repor­
ted in section 3.6.2, are indications of internal 
shifting. The angle distribution of the elastin 
fibres at the moment of cessation will differ from 
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the distribution before loading. 
To the six parameters of this process (table 3.U) the 
following descriptions can be attributed: 
- τ and τ, characterize the collagen fibre-
ul. . dj-
fluid interaction during orientation and re­
orientation respectively. 
- E and E , represent the number of elastin 
pu„ pd| 
fibres initially involved in controlling the 
collagen fibre-fluid interaction during and after 
loading respectively. 
- A , describes the anisotropy of these elastin fibres. 
pd 
- к , bas an ambiguous meaning. 
- The third, viscous process cannot be interpreted in terms 
of fibre properties. However, the occurrence of the two 
previous processes makes it likely that a certain shift of 
fibre arrangement takes place in the skin after deformation 
to a new stress-free situation (Finlay, 1971)· The three para­
meters of this process in table ЗЛ have the following meaning: 
- η , and α , indicate the order of magnitude of this 
sdu sd 
shift and the anisotropy of the effect with respect 
to Langer's lines respectively for very small 
strain values. 
- κ , indicates the spatial limitations of this shift. 
sdì ^ 
Such large coefficients of alinearity have to be 
interpreted as that the deformation does not increase 
with increasing stress. This means that the use of 
the logarithmic function is also questionable. 
The interpretation of the results in terms of stretching fibres 
has far-reaching consequences for the explanation of the 
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results of the torsion experiment. Within the fibre 
concept an interpretation in terms of shear moduli is 
meaningless. In section 5.3-5 a new, more adequate, 
description of the torsion experiment will be given, 
starting from the amounts of fibres involved and the 
coefficients of elasticity and alinearity of a single 
fibre. The initial coefficient, G „, will still be a measure 
sd 
of the average number of effectively involved fibres in 
the purely elastic process of a torsion experiment and k' 
gives the quality of the elastin fibres. The τ and τ 
values of the delayed elastic process indicate the same 
collagen fibre-fluid interaction and G and G , are 
pu pd 
measures of the number of initially involved elastin 
fibres during and after loading respectively. Also the 
viscous process can be interpreted in a corresponding 
way as in the uniaxial strain experiments. 
5-3·^ The involvement of a fibre making an angle with the 
measuring direction 
In the previous section N| and Nj_ have been mentioned as the 
average numbers of effectively involved elastin fibres in the 
principal directions. It has been suggested that for the purely 
elastic deformation these numbers remain the same during the 
straining process and that the elastin fibres do not become align­
ed along the direction of the stress. This does not mean that 
only the fibres lying in the specific direction are stretched. 
Fibres which make an angle with that direction might also 
be strained. 
Some insight can be gained by the following theoretical consi­
derations. 
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When a stress σ is applied on an infinitesimal element 
the piece of skin employed will he strained in that direc­
tion, ε , and, possibly, will be contracted in the perpen­
dicular direction, ε , (see section 2.2.3). Suppose a fibre 
УУ . 
in the element which makes an angle ψ with the direction of 
stress and which cannot be sheared (i.e. which cannot be 
disturbed by other constituents in the element). Due to the 
deformations ε and ε of the element (Fig.5«3.) the strain 
xx yy 
of the fibre 
ЕууДУ 
Ay 
Fig.5.3 The deformation of an infinitesimal element and 
the deformation of a fibre making an angle ψ with the 
direction of the stress in the element. 
ε„, % will be equal to (Ashton et al., 1969): 
:_/,\ = ε cos ψ + ε sin ψ 
Πψ) xx yy 
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(5-18) 
If we confine ourselves to the initial coefficients of elasti­
city the stress in the direction of the fibre as the result 
of ε ^ j equals: 
σ
ί(ψ) • Efo ' Εί(ψ) ( 5" 1 9 ) 
which contributes to the stress in the x-direction (Ashton et al. , 
1969) as follows: 
σ
ί*(Ψ> = Efo ' £ί(ψ) C O s 2 ^ - a ) ( 5" 2 0 ) 
The angle α is the rotation of the fibre due to the deformation 
of the element. This angle equals: 
α = (e - e ) sinil;. cosili (5-21) 
xx yy 
It can be calculated from this equation that for small deforma­
tions (ε less than 10$) only a small error is introduced (less 
xx 2 2 
than 10$) by substituting cos ψ for cos (ψ - α) in equation 5-20. 
So: 
σ
ίχ(ψ) • Efo · CfW C 0 S ψ' ( 5" 2 2 ) 
Since σ„ ,,N is a force divided by the cross-sectional area of 
the fibre (CA ) the contribution of σ /.% in counterbalancing 
the external stress σ , σ ,.ч equals: 
xx χχ(ψ) 
CA 
σ
χχ(ψ) = σίχ(ψ) · О Т ( 5" 2 3 ) 
in which CA is the cross-sectional area of the element. 
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After substitution of 5-18 in 5-22 and 5-22 in 5-23 the 
contribution of a fibre making an angle ψ vith the measuring 
direction in counterbalancing the external stress σ , 
ΛΛ 
can be rewritten as: 
E cos ψ{ε cos ψ + ε είτιψ} / i \ — TT« . -С" .о · t u s U/l t. (JUS ψ τ с. 
χχ(ψ) CA fo ψ XX УУ 
(5-21*) 
5.3.5 The fibre involvement function 
If the number of fibres of an element of skin in an arbi­
trary direction (between the angles ψ and ψ + άψ) is repre­
sented by η(ψ^ψ (ψ = 0 in the direction of Langer's lines), 
the total amount of fibres N .. , of the element is equal to: 
tot,el * 
tot,el ι 
-5TT 
η(ψ)άψ (5-25) 
All fibres between ψ and á\¡> contribute to σ , .s according to 
5-2k. When in equilibrium, the sum of the contributions of all 
fibres equals the external stress. So: 
C A f „ Г Ь ,., 2,, 2, . .2 
xx CA fo 
-lif 
п(ф)соэ ψ{ε cos ψ + ε sin ψ}άψ r
 xx УУ 
(5-26) 
If we translate 5-26 to the macro scale of a uniaxial strain 
experiment (see section 5.3.3) in an arbitrary direction (angle 
Φ with respect to Langer's lines) 5-26 leads to: 
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CA f ^ 
φ CA, tot,? fо ξ(ψ)οο3
2(φ-Φ){ε
φ
 cos
2(iM>) 
ε
φ +
π
π
 3ίη2(ψ-Φ)Μψ (5-27) 
in which Ν. . . is the total amount of elastin fibres which tot,Φ 
plays a role in the piece of skin employed, ε^ is the strain in 
the measuring direction and e.i is the lateral contraction. 
Φ+^π 
ξ(ψ^ψ is the fraction of N . in the direction between ψ and 
ψ + dip: 
ς<Ψ)ιψ = ψ ^ - . (5-28) 
tot, Φ 
It is important to note that N.. ^ is proportional to САл. 
So the ratio of N . and CA^ is independent of Ф. Since 
ε
φ ^ π • " ф ·
 ε
φ
 ( 5
"
2 9 ) 
by definition, ε, can be separated from the integrant and the 
initial stiffness in the measuring direction Ε , can be 
οφ 
derived from 5-27: 
^ Ф - І Г - С І Г - ^ О . Ф - ^ О J ξ(Ψ)-32(ψ-Φ) 
Φ-§π 
{со
Э
2(ф-Ф) - ν. 3ίη2(ψ-Φ)}άψ. (5-30) 
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Equation 5-30 shows that for a given angular distribution 
function of the fibres the initial coefficient of elasticity 
of the skin in an arbitrary direction can be calculated if 
the Poisson ratio v, in that direction is known. As already 
stated in section 5.2.1 v. is unknown for soft tissues like 
Φ 
skin but will have some value between 0.0 and 0.5. 
Fig.5-1* Fibre involvement functions of the skin for V . = 0.0 
and ν , = 0.5 according to 5-31. The dashed line is 
Φ 
a fibre involvement function according to 5-33. 
Fig. 5 Λ shows the shape of 
соз"(ф-ф){соз (ψ-φ) - ν . sin (ψ-φ)} (5-31) 
as a function of ψ-φ for ν . -values equal to 0.0 and 0.5· 
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Fi β.5.к shows that the difference in shape between the curves 
л s only significant for larger values of ψ-φ. For v, = 0.0 
expression 5-31 equals 
к 
cos (ψ-φ). (5-32) 
The dashed line in fig.5·^ is the cos (ψ-φ) curve. For all 
angles of ψ-φ this curve has a value intermediate the values 
for v, = 0.0 and v, = 0.5· So, the expression 
Φ Φ 
cos
5(ψ-φ) (5-33) 
is an expression more convenient as 5-31 which takes the lateral 
contraction of the skin into account to some extent. Expres­
sions 5-31, 5-32 and 5-33 will be called fibre involvement 
functions. 
Since some authors have reported lateral contraction of the skin 
(Kenedi, I965. Lanir and Fung, 197*0 we favour expression 5-33 
as the fibre involvement function of the skin. So, the relation­
ship between the initial coefficient of elasticity E . as 
measured in a uniaxial strain experiment in an arbitrary direc­
tion and the angular distribution function ξ(ψ) is expressed by 
(see 5-30): 
CA f .φ+2π 
t,^;cos t 
(5-ЗІО 
Е
оф
 =
 СА-·
 N t o t ^ - E f o J ξ(Ψ)οο3>(ψ-φ)ύψ 
Ф
 Ф-Ітг 
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5.3.6 The angular distribution function of the elastin fibres 
A way to obtain some information about the angular distribu­
tion function of the elastin fibres is to perform uniaxial 
strain measurements on the skin in a number of directions and 
to try to describe the results found by equation 5-3*+, substi­
tuting a suitable function for ξ(ψ). Fig.5-5 presents as an 
example E -values found in a number of directions on the calf 
of a subject. 
90' 
> «iosN.m2 
Fig·5·5 Polar diagram of E -values found in uniaxial strain 
experiments with different angles with respect to 
Langer's lines (φ =0). 
A careful examination of such results shows that a fair descrip­
tion of the results can be realized if we suppose that the fibre 
distribution function is the sum of a uniform distribution and a 
normal distribution with the maximum in the direction of 
Langer'ε lines: 
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(ΙφΙ(-π)Γ 
«*> = f + fet£ · e 2-s2 · (5-35) 
In this equation u is the fraction of the total amount of fibres 
which is uniformly distributed and S is the standard deviation 
of the normal distribution. It is supposed that 3S is smaller 
than тг/2 (S < О.52). J ψ I ( —π ) means that for angles |ψ| > ^  a 
factor π has to be subtracted from |ψ|. Equation 5-35 is similar 
to a function supposed by Lanir (1979). According to 5-35 the 
anisotropy in the fibre distribution equals: 
u 1-u 
iiOi
 =
 * S./gir*
 ( 5_ 3 6 ) 
ζ ( - ) -
while, according to 5-17 and 5-3^, the experimentally found 
anisotropy equals: 
ь 
K^ f 1 (М(-7Г))2 
tot,я ru . 1-u - ^  'r n ' -, 5 • -,, 
E, -CÀ7^J{? + S^ T· e 2.S2 >««Ψ W 
A = - ^ = 
sd E
— - °
 1 (UIM)
2 
1-u - N I Y n _'' , 5, . π, 
^
 Ntot, '"« 1-« - (1ψΚ-π)>' 
CAj. 
-π 
{¥ + s ! ^ r e " 2,S2 }οοΒ5(ψ^)αψ 
(5-37) 
The results of fig.5·5 are optimally fitted with u = 1/8 and 
S = 0.30 which results in an anisotropy of the fibre distribu­
tion ξ(ο)/ξ(--) of 30. For comparison A . = IU.9 (Table 3.3). 
¿ so. 
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Fig.5·6 Angular distribution function of the elastin fibres 
with respect to Langer's lines. The single shaded area 
indicates the fraction of the fibres involved in a 
uniaxial strain experiment along Langer's lines and 
the double shaded area the fraction involved across 
Langer's lines. 
Fig.5.6 shows the angular distribution function of the fibres 
and the fractions of fibres involved along and across Langer's 
lines. N„ =0.76 N t o t j H and Ν± = 0.051 H ^ ^ . 
21U 
So, about 76$ of all the fibres are involved in the experi­
ment along Langer's lines, while about 5% of the fibres are 
involved in an experiment in the perpendicular direction. 
5.U The fibre description of a torsion experiment 
5.k.1 The fibre involvement in a torsion experiment 
Within the concept of the fibre model of the previous sections 
a torsion experiment is a complicated way to stretch fibres of 
all directions. In principle, the description of the torsion 
experiment (the φ -M* relationship) can be derived using the 
theory presented before. However, the description of the 
behaviour of the piece of skin between disc and guard ring has 
to be written in polar coordinates and the applied twisting 
moment M* can easily be translated to the tangential force 
F on the edge of the disc but can hardly be translated 
to stresses on infinitesimal elements. For these reasons 
we will derive the φ*-Μ* relationship in terms of fibre proper­
ties in another way, using the axis-symmetry of the configuration. 
Suppose one fibre in an arbitrary direction ψ in contact with 
disc and guard ring (fig.5-7)· When the disc is rotated it is 
supposed that the part of the fibre underneath the disc is not 
strained. Of the two parts of the fibre between disc and guard 
ring one part will be strained and the other part will be shorte­
ned. The influence of this second effect will be ignored. This 
means that of all fibres in the direction ψ only the fibres in 
the shaded areas of fig.5-7 are taken into account. 
The original length of the strained part of the fibre can be 
written as a function of R*, R* and the distance χ to the rota-
fi g 
tion axis and equals: 
l(x) = Á*2 - x2 '- Á*2 - x2 ' (5-38) 
g d 
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Fig.5-7 A fibre in contact with disc and guard ring in a 
torsion experiment. Only in the shaded areas the 
fibres in direction ψ are strained. 
Due to the twisting moment M* the disc will rotate over an 
angle φ*. The displacement of the point of contact of the 
fibre with the disc equals R*. φ* in tangential direction. 
For small deformations the resulting strain of the fibre in the 
direction of the fibre equals: 
ε
Γψ
 = 
R* . φ* . cose 
~Ί[75 (5-39) 
Using 5-19 the reaction stress σ_. in the direction of the 
fibre equals: 
E_ . R* . ** . cos6 
fo 
'ίψ l(x) 
(5-ІЮ) 
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which corresponds with the force: 
E_ . СА
Л
 . R* . φ* . cose 
'f* • f 0 f Δ <^ > 
which gives the following contribution in the tangential 
direction, counterbalancing M*: 
E_ . CA„ . R* . φ* . cos29 
V - ——*—fe '5-tó> 
The number of fibres with a distance to the rotation axis 
between χ and χ + dx in directions between ψ and ψ + άψ in the 
shaded areas of fig.5·7 equals: 
η(ψ)άψ dx (5-U3) 
2.R* 
α 
So, the contribution of all fibres in directions between 
ψ and ψ + άψ to the tangential force equals: 
f
Rd F . η(ψ)*ψ dx 
F.. = 2 -St* (5-W) 
ψ ΐ
 J 2.R* 
ο d 
and the contribution of all directions of ψ equals in 
equilibrium the tangential force F : 
π 
F t- J Р^аф (5-U5) 
" 2 
Since cos9 = x/R* a successive substitution of 5-k2 in 5-^ d 
and 5-kk in 5-1+5 leads after some rearrangements to the 
following equation: 
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F t = E f o . CAf . R* . φ* | η(ψ)άψ f f π 
•π' 
2 Д 2 
χ dx 
R*3 . l(x) 
(5-U6) 
The integration over ψ equals the total number of fibres 
in a torsion experiment N . . . 
e
 tot,tor 
The second integral characterizes the fraction of N.. , 
^ tot,tor 
effectively involved in a torsion experiment, ξ. , divided 
by a weighed original length, ξ. can only be calculated 
and compared with the results of uniaxial strain experiments 
when this weighed original length is known. Since the largest 
contribution of F will be obtained from the fibres tangential 
to the edge of the disc only a small error is introduced if 
we suppose that the weighed original length is equal to the 
length of the fibres for χ = R*: 
/ 
Ί 
R* - R* . Starting from this supposition and using 5-3Ö 
g α. 
ξ^  equals : tor 
Π r
Rd „2, 
_ / R,2 _ R*2' ί
 ά
 x¿dx 
tor
 «
 d
 ' J R*3 . (Λ*2_
χ
2-_ M2 _
x
2') 
о d g d 
(5-U7) 
The solution of this integral can be found in Abramowitz and 
Stegun (1965). In our standard configuration (see section U.U.6) 
a value of ξ
χ
 is found of O.Uo. tor 
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5.h . 2 The φ*-Μ* relationship in fibre notation 
The ф*-М* relationship in fibre notation can be derived 
directly from 5-U6 and 5-^7. Rewriting 5-1*6 with the aid of 
5-1+7 leads to: 
R* <b* 
F. = ξ
+
· N . . . . E . . CA. . d , (5-U8) 
t tor tot, tor f o f ^»2 _ R*2 
g " d 
and since M* equals F . R* by definition the linear ф*-М* 
t CL 
relationship can be written as: 
Á*¿ _
 R»2· 
a* _ g É ] ^ 
φ
 D*2 " ξ. . N. . , . E_ . CA. *
 M 
R* ^tor tot,tor fo f 
(5-1*9) 
The alinear ф*-М* relationship can be derived by rewriting 
5-1*9 as an ε-σ relationship: 
ε = ¿ a 
III III 
Rd · ф*
 =
 ι MÜ_ 
A*2 - R*2' CA 
г 
tor 
D* g d
 r
 _ f R* . CA.,. 
ξα. · N . . . . E_ 777 d tor 
^tor tot, tor f o CAj. 
'
 +
,ог 
(5-50) 
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in which CA^ is the effective cross sectional area in a 
tor 
torsion experiment. A substitution of these terms in 3-33> 
writing к for к leads to the required ф*-М* relationship 
in fibre notation: 
Á*2 - E*2 k„ . M*/R* 
φ* =—2 Ì- .
 ln(l +
 f
 d 
Rj . kf ' Çtor * Wtot,tor * Efo ' CAf 
(5-51) 
5.U.3 The interpretation of the new description 
In a comparison of the alinear φ*-Μ* relationship of section 
Ί.^.3 (equation ^-30) with the corresponding relationship in 
a fibre notation (equation 5-51) the meaning of the calculated 
k' and G parameters can be deduced. The results are 
Rd k' =
 y o ,. к (5-52) A*2- R*2' f 
g d 
or with the substitution of the standard configurational data 
(section h.k.6): 
k' = 0.32 k f (5-53) 
and 
Á*2 - Rf 
G = — S — .ξ. . Ν. . . . E . . CA_ 
° U.n.a.R*2 о г tot.tor fo f 
g
 (5-5U) 
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or (distances in metres): 
G = i860 IT . . . E_ . CA, (5-55) 
o tot,tor fo f w '•" 
These expressions make clear that indeed k' and G characterize 
о 
the coefficient of alinearity and the amount of effectively in­
volved elastin fibres respectively. A comparison of the results 
(see section U.6.3) learns that k1 is indeed about three times 
smaller than к (кд or k^) in correspondence with 5-53. 
According to 5-17 and the results stated in the last sentence 
of section 5.3.6 E and E are equal to the following 
expressions of fibre properties: 
E
sdX " °·
0 5 1
 % Ι ^ · Efo · 0 Af («Τ) 
Substituting the values of table 3.2 for E , and Ε , it 
sd|| sdj_ 
follows that: 
^ '
 E
of · C Af = ^  ' Eof · C Af • 2 · 6 * 1 ° 6 "-" 2 
(5-58) 
Equation 5-58 shows that if all elastin fibres in a piece 
of skin were aligned in the measuring direction an initial 
6 -2 
stiffness of the skin would be found of 2.6 χ 10 N.m" . 
In such circumstances the ratio of N. , . CA„ to CA equals 
tot I 
the volume fraction of the elastin fibres. 
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According to Tregear (1966) this fraction is 1y?, which results 
8 -2 in an E -value of 2.6 χ 10 N.m . With a typical CA value 
of 1СГ 1 2 m 2 (section 5·3.2) a volume fraction of λ% corresponds 
10 —2 
with a value for N.. of 10 m . This number corresponds with 
about 100000 fibres effectively involved per cm width in an 
experiment along Langer's lines and about 7000 fibres per cm 
width across Langer's lines. 
Equation 5-58 also offers the opportunity to estimate the 
effective value of CA (as shown in fig.3.18 the effective 
width depends on the measuring direction with respect to the 
preferential direction of the fibres). Since CA^ is a circu-
tor 
lar cross-sectional area all fibres involved pass CA. twice. 
* tor 
This means that ^N. . . /CA^ will be equal to N /CA. tot, tor tor ·^ -fcOt' 
From 5-58 and 5-55 it follows that: 
G 
^—- = 2.6 χ 106 N.m - 2 (5-59) i860 . 2 . CA. 
tor 
Substitution of the G , value of table U.1 for G leads to: 
So. о 
CA^ = 1.5 x Ю - 5 m tor 
which corresponds with an effective circular width of 11.6 
mm. This value is surprisingly small in comparison with the 
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circumference of the edge of the disc: 2.7T.R? = 23.9 mm. 
α 
We will discuss this result in the next section. 
5.4.4 Consequences of the configurational relationships 
In the sections 4.4.4 and 4.4.5, where the corrections on the 
radii of the disc and the guard ring are described, it has 
been shown that for a homogeneous medium a linear relation-
ship has to be expected between iff and R*~ with constant 
twisting moment. It has also been shown that this linear 
relationship can actually be found on a homogeneous rubber 
sheet, while this could not be found at all on the skin. 
Especially the experiment without a guard ring showed a 
drastically different behaviour. 
With the new fibre description of the torsion experiment the 
<f-R* and φ*-Κ? relationships of the skin can be interpreted. 
According to equation 5-49: 
Á*2 - B?2" 
φ* _ — S Ë_
 > constant (5-6O) 
d ^tor 
Since ξ^  is a function of R* and R* (equation 5-47) this 
^tor d g 
relationship is rather complex. Numerical calculations, sub­
stituting the disc radius and the different guard ring radii used, 
show that φ* is almost proportional to R*-R* in this range 
(fig.5.8). 
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15 (mm) 
Fig.5.8 **-R* relationship as derived from the fibre model, 
β 
The dots indicate the calculated values for the 
different guard ring radii used. 
Using the experimental data of fig.U.11, except for the result 
without a guard ring it appears that there does exist 
a linear relationship between φ* and R* (fig.5·0)· 
ß 
However, the straight line intersects the R* = R* line at a 
S d 
remarkably large torsion angle in contrast with the expectation 
that <jj* becomes zero as R* equals R*. This means that the 
torsion angle actually found is the sum of a straining effect 
in the skin in accordance with the fibre description and a 
second effect which does not depend on the magnitude of R* 
β 
and which is, most probably, an effect of the skin beneath 
the disc. Of course this second effect will also be limited 
by the elastin fibres. 
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Fig.5·9 ф*-К* relationship found on the skin 
О 
The exceptional result without a guard ring of fig.k.11 can be 
understood within the new theory. From fig.5·9 it can be 
deduced by extrapolation that this result corresponds with a 
radius of the guard ring of about k5 mm. With respect to the 
dimensions of the lower leg a natural guard ring with this 
radius is not unlikely. Vlasblom (19б7> 19б7а) showed in his 
torsion experiments without a guard ring that a proportionality 
exists between M* and R* , independent of the magnitude of 
the torsion angle. This result, which is in agreement with 
his homogeneous isotropic theory is also in agreement 
with equation 5-60. This means that the additive defor­
mation underneath the disc, mentioned above, is also 
proportional to R* . It will be clear that the effect 
of the skin underneath the disc makes it more difficult 
to relate the results of uniaxial 
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strain and torsion measurements to each other. However, the 
к -values found are equal. The meaning of the G parameters 
derived from the distinct М*-ф* curves are influenced by this 
second effect. It can be deduced from fig. 5·9 that in the 
standard configuration only 30$ of the torsion angle is the 
result of straining fibres between disc and guard ring. 
A direct consequence of this result is that the initial stiff­
ness of the strained fibres is underestimated with a factor 3-3, 
which has as a consequence that CA. also increases with the 
tor 
same factor (5-59)» resulting in an effective circular width 
of 38 mm. This value corresponds with a concentric circle 
with a radius of 6.1 mm, which is 2.3 mm larger than R*. 
Taking into account the residual widths found in uniaxial strain 
experiments this value can well be accepted. 
Although we succeeded in describing the mechanical properties 
of the skin in a torsion experiment in terms of fibre proper­
ties we have to conclude that, refraining from anisotropy, 
torsion measurements are really too complicated to interpret to 
be favoured for determining the mechanical properties of the 
skin. Uniaxial strain measurements are much less complicated 
to interpret. Moreover, the combination of uniaxial strain ex­
periments along and across Langer's lines gives a complete view 
of the mechanical properties of the skin including anisotropy. 
5.5 Histological considerations about the model 
In the preceding sections a fibre model has been presented from 
which a number of fibre properties can be calculated and with 
which the various results of uniaxial strain and torsion 
measurements can be understood and related to each other 
quantitatively. 
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It has also been clarified that the purely elastic proper-
ties are the properties of the elastin fibres in the direc-
tion of the stress and that the delayed elastic properties 
are the result of a shifting of the collagen fibres through 
the interstitium, controlled by the elastin fibres, while the 
permanent deformation indicates the spatial limitation of the 
shift of collagen fibres after deformation to another stress-
free situation. The model is based on an interpretation of the 
results found with both measuring techniques starting from a 
number of unquestionable data about the contents and the struc-
ture of the skin (section 5·3.1 ). 
In the literature a number of authors have made suggestions 
about fibre actions, fibre arrangements and fibre networks. 
Most of these suggestions are based on chemical, morphological 
(i.e histological and electron microscope) investigations, while 
mechanical data only concern the second phase of the stress-
strain curve (collagen). In this section our fibre model will 
be compared with and incorporated in the already existing view 
about fibre-properties found in the literature. 
Gross (19^9) studied the structure of the elastin network with 
the electron microscope in different tissues containing elastin. 
He presented a tentative model of the architecture of the elastin 
fibre as an amorphous binding substance and a number of threads 
arranged in long roughly parallel bundles which possibly course 
the full length of the fibre. These threads obtained from diffe-
rent sources are similar in many respects, suggesting characteris-
tic units. Burton (195*0 reported very low coefficients of elas-
ticity as he tried to calculate the stiffness of elastin. The 
values he presented are in the same order of magnitude as our 
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results across Langer's lines for total skin. In his calcu-
lations he did not use an involvement function and he neglec-
ted anisotropy. Jansen (1955) stated that the elastin network 
accompanies the collagen wickerwork and is twisted through 
it like elastic ivy. Jarrett (1958) believed that the elastic 
fibres limit the extensibility of the dermal gel by acting as 
binding fibres. Ridge and Wright (1966, 1966a, 1966b) showed 
that the skin in the first phase of extension demonstrated a 
straightening out and an orientating of collagen fibres. They 
suggested a logarithmic function of the load to describe this 
behaviour. Kenedi (196U) described the skin as a matrix of 
collageneous fibres with a proportion of elastic tissue. 
Gibson (1965) suggested two models of a definite patterned 
structure of collagen bundles; as a complex kind of lazy tongs 
and as a meshwork in which the fibres are looped with one'another, 
i.e. more a knitted than a woven mesh. 
Craik and McNeil (1965» I966) in histological studies made clear 
with a trichome stain that collagen bundles which happen to be 
load oriented will carry a greater proportion of the load than 
their unoriented neighbours. Gibson et al. (I965) were the 
first, as far as we know, to present a mathematical analysis 
of the collagen framework and the role of the elastic fibres in 
it. In the same paper attention has been paid to "the displace-
ment of fluid from the meshwork". About the elastic fibre net-
work they state: "in relaxed skin they form a secundary network 
looped around the collagen fibres. When the skin is fully stret-
ched their convolutions straighten out, and they lie between 
the collagen bundles and are roughly orientated in the same 
direction". Kenedi et al. (I965) underline that the elastin 
fibres seem to behave in a similar way as the collagen fibres do. 
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In a later paper (Kenedi et al., 1966) they say that the colla-
gen fibres themselves are not tensioned significantly at low 
loads well within the physiological limits. 
Craik (1966) observed that the first "elastic" phase shorte-
ned progressively with advancing years resulting in a shift of 
the whole curve to the left. It is remarkable that he speaks 
about a loss of elasticity in old age instead of an increase 
of the total collagen content and the increase of the number of 
bridges between collagen fibres (Lindner, 1972). In the same 
article Craik mentions that the network of fine elastic fibres 
only plays s subsidiary role although he accepts that the 
tensed elastic fibres appeared to be the only source of stored 
energy. Gibson and Kenedi (I967) (see also section 5-3.1) put 
the case strongly: the elastin network is the energy storage 
device which returns the collagen to its relaxed position. 
Viidik and Ekholm (I968) stated that the tropocollagen molecules 
cannot account for a 'toe-part' in load deformation curves. 
Scanning electron microscopy studies of a number of authors at 
the university of Strathclyde, Glasgow (Finlay, I969; Milling-
ton and Brown, I97O; Brown, 1972) resulted in a number of 
beautiful pictures of fibre arrangements and skin structure. 
In fact all these results affirmed the Gibson-Kenedi view. 
Recently Hall (1976) stated in a surveying article based on a 
number of data from several authors that the elastin content 
of the skin determines the shape of the toe. In this context 
he underlines the work of Daly (I969) about the role of 
elastin, discussed in section 5-3.1. 
In view of the description mentioned here our assumptions 
based upon our experimental results seem to be quite realistic. 
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It is regrettable that the viscoelastic properties have been 
investigated so scarcely in respect to skin structure. This 
means that only our distinction between the behaviour of the 
skin during the purely elastic and the delayed elastic process 
has no base in morphological studies. 
5.6 Experimental verification of the model on a number of 
subjects 
5.6.1 Introduction 
The results presented in all the previous sections 
were obtained from a single subject. This subject is represen-
tative for the kind of data obtained from a group of k9 
healthy subjects of both sexes and of varying age. In chapter 
6, which will deal with the normal behaviour of the skin rela-
ted to sex and age and the different behaviour in some patho-
logical cases, the results of this whole group will be presen-
ted and discussed in detail. In part these findings can also 
be used for an experimental verification of our model, giving 
an impression about the scope of the assumptions made. In 
view of considerable differences in skin constitution from 
subject to subject and with age (Dick, 19^7) it has to be 
expected that different mechanical properties will also occur. 
In spite of these differences it will be shown in this section 
that a corresponding behaviour can still be found in different 
subjects and that the interpretations and the discussions 
offered in the previous chapters and in this chapter are all 
concerned with this corresponding behaviour. 
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^.6.2 Concerning the initial coefficients of elasticity of 
the distinct viscoelastic processes 
Differences in the behaviour of the skin 'up' and 'down' 
can be recognized in the initial coefficients of all proces­
ses both in uniaxial strain and in torsion experiments. 
Table 5·1 shows a high correlation of these results*. A number 
of correct pairs of measurements lower than k9 indicates that 
for the missing number of subjects one (or both) of the para­
meters could not be calculated by BMDOTR within an acceptable 
accuracy range (uncertainty less than 50%). Table 5·1 shows 
that both E and E cannot be calculated in the greater part 
P| Pi 
of the cases due to a too large uncertainty in the datapomts. 
The rather large uncertainty in the accepted results of the 
parameters reduces the correlation coefficients considerably. 
The low number of correct measurements of E puts the signi­
ficance of this correlation beyond the acceptation level. For 
the purely elastic process the α-values of the linear regres­
sion are more than 1.0 in all kinds of experiments. In terms of 
the fibre model this result 
hTable 5.1 and all following tables in this chapter present the 
following data: parameters correlated, number of correct pairs 
of measurements, significance Ρ of the correlation (if Ρ < 5% 
the correlation is significant, if 5% < Ρ < 10$ the correlation 
is dubious and the value is given between brackets and if 
Ρ > 10$ the correlation is not significant and the value of Ρ 
will not be presented), the correlation coefficient r, the 
mean ratio with standard deviation of the values correlated and 
the results of linear regression. Linear regression is only per­
formed for correlations with r ^ O.9OO. Slope α and intercept 
β are presented together with the sigificance of β (i.e. the 
chance that β equals zero). 
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Parameter· 
correlated 
euj- edjy 
*v*f*i*ll 
E -E ., 
•41 • 1 
E -E . 
puj. pd_L 
С -G . 
•u id 
G -G . 
pu pd 
ІелаЪег of 
correct 
pair· of 
•aasuraaant· 
45 
21 
48 
13 
49 
48 
Significane· 
F (Χ) 
<0.1 
<0.l 
<0.l 
(6.5) 
<0.1 
<0.l 
Correlation 
coefficient 
г 
0.978 
0.74 
0.974 
0.53 
0.988 
0.946 
ratio 
E-up 
E-dovn 
1.04+0.16 
0.7 +0.3 
1.04+0.12 
0.5 +0.2 
1.2 +0.1 
0.37+0.07 
linear 
E-up • 
α 
1.06 
-
1.08 
-
1.06 
0.45 
ragreaalon 
n.E-dovn+e 
β 
-2.3ЖІ0* 
-
-0.4ж10* 
-
2.0ЖІ0* 
-4.0ЖІ0* 
Ρ(β - 0) 
Ζ 
-
-
-
-
<ο.ι 
<0.l 
Table 5.1 Correlations between the initial coefficients 
of elasticity of the purely and delayed elastic 
deformation 'up' and 'down' for the different 
kinds of experiments. 
indicates that the number of fibres involved 'down' is de­
creased due to the orientation of the fibres during the de­
layed elastic process 'up'. As an example fig.5.10 shows 
a graph of E vs. E 
SUI sd 
of all individual results. 
I 
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(«ICPN m 2 ) 
Fie.5.10 E versus E , as measured on U5 healthy subjects 
ь
 su,, sd|| 
indicating the differences in the behaviour 'up* and 
'down'. 
For the majority of subjects E is higher than E . (dots 
above the dashed line of identity). The straight line is the 
result of linear regression. For the delayed elastic process 
the parameter values 'up' are about half the values 'down'. 
The linear regression of G shows that the difference between 
G and G is merely due to a multiplicative effect. Again 
Pu pd 
this difference is thought to be caused by the orientation 
of the fibres during loading. By relating the three distinct 
viscoelastic processes to each other, table 5.2 shows that in 
a torsion experiment, in which the initial values can be 
calculated with the highest accuracy, these initial values 
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Paraaatere 
c o r r e l a t e d 
E - E 
ï - E . 
a u i puj. 
G - G tu pu 
E
. d / / " Epfy 
E
«dl" V u 
C
 A - G A 
•d pd 
E - η . 
au// ad// 
E - 4 j . e u l " J . 
au ad 
E
.d.f n.di 
G
. d * Y.d 
pu// ad// 
E - Π . puj. adj, 
G - Y . pu ad 
"pd//" "'ill 
V f "ad! 
Cpd * T.d 
Number of 
c o r r e c t 
pa ira of 
oeaaurenenta 
26 
13 
48 
32 
39 
«9 
5 
45 
II 
S 
45 
IO 
2 
43 
IO 
S 
43 
S i g n i f i c a n c e 
Ρ (Χ) 
<0.Ι 
<0.1 
<0.1 
<ο.ι 
<ο.ι 
ο . ι 
•Ю.І 
<ο.ι 
<0.Ι 
C o r r e l a t i o n 
c o e f f i c i e n t 
г 
0 .76 
0.41 
0 . 9 0 0 
0 .89 
0 . 7 9 
0 .930 
- 0 . 1 3 
0 .20 
O.BS 
- 0 . 1 7 
0 . 2 3 
0 .85 
- 0 . 3 7 
0 . 8 5 
- 0 . 2 8 
- 0 . 0 2 
0 .909 
r a t i o 
Í 
к 
2 . 1 + 1 . 2 
1.5*1.1 
1.3*0.4 
3 . 3 * 1 . 0 
Э.2+1.9 
3 . 9 + 0 . 7 
130+ 80 
370+140 
160+ 40 
150+ 90 
400+230 
190+ SO 
80+ 70 
140+ 60 
50+ 40 
160+120 
50+ 10 
l i n e a r regreaa ion 
у - a.x • β P(fl - 0 ) 
a 
1.9 
4.4 
-
-
-
42 
i 
-9.3ЖІ0* 
-5.5ЖІ0* 
-
-
-
2.5ЖІ0 6 
τ 
<ο.ι 
<0.1 
-
-
-
0.Э 
Correlations between the i n i t i a l coefficients of 
the three d i s t i n c t processes in r e l a t i o n to each 
other for the different kinds of experiments 
(|| ,J, and torsion). 
Table 5-2 
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are highly correlated to each other. In the uniaxial strain 
experiments along and across Langer's lines only those 
correlation coefficients are smaller for the parameters of 
which the number of correct measurements is also small. 
This indicates that in those cases the uncertainty in 
the accepted datapoints causes the decrease in the correla­
tion. Therefore it would be expected that a behaviour corre­
sponding with that in the torsion experiments will be found 
in the uniaxial strain experiments if a sufficient number 
of accurate values is available. Linear regression of the 
correlated parameters in the torsion experiment learns that 
the 3-values differ significantly from zero. Still, the 
contribution of 0 is of minor importance. 
As an illustration of this statement fig.5·11 shows G , as 
pd 
a function of G ,. 
sd 
It is mainly the α-value which characterizes the relation­
ship. 
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03 (40* N m"· 
Fie 5 11 G versus G „ as measured on U9 healthy subjects 
1 & , ;
 pd sd 
as an example of the good correlation between the 
initial coefficients of elasticity of the instanta-
neous and the delayed elastic deformation. 
The correlations between the initial values of the three visco-
elastic processes within one type of experiment indicate that in 
the initial condition all these processes are controlled by 
elastin fibres. 
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5.6.3 Concerning the coefficients of alinearity of the 
distinct viscoelastic processes 
With respect to the coefficients of alinearity of the distinct 
viscoelastic processes our fibre model would lead us to expect 
that they will be the same in 'up' and 'down'. Fig.5·12 shows 
a graph of к versus к , which is 
. suj^  sd]^  
"W 
Î 
¿0 
• 
30-
20· 
10-
с 
6 
Je* 
íte/o α 
' у ' β 
's О 
,χ ° 
10 20 
β 
'S 
30 
°*r 
α 
α 
> KüL 
Гій.5.12 к versus к „ as measured on 27 healthy subjects 
° su¿ sdj[ 
showing the equality of these parameters 
in accordance with this expectation and table 5-3 shows the 
correlations of all the results. Table 5·3 again shows that the 
magnitude of the correlation coefficient decreases for decreasing 
numbers of correct pairs of measurements. This again indicates 
that the decrease in the correlation coefficient is the result 
of a larger uncertainty in the accepted datapoints. The linear 
regression shows a slope which equals 1.02 and a very low inter-
cept value. This means that the к values 'up' and 'down' are equal. 
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The other results do not conflict with this view. From a 
comparison of the coefficients of alinearity of the distinct 
viscoelastic processes(Table 5.U) it appears that the purely 
elastic process does not or hardly correlate with the two 
other processes. 
coef f i c ient 
of a l i n e e r i t y 
к -к 
• U | ШІЦ 
kpU0 ' РІ0 
•ui idi 
k p"x" pdj_ 
k
«u "
kìd 
к' -k' 
pu pd 
nuaber of 
correct 
pa ir · of 
aaaiureeamte 
27 
18 
«a 
2β 
ia 
32 
•ignificAOCC 
Ρ (») 
<0.1 
1.6 
<0.l 
<0.1 
<0.l 
<0.l 
corre lat ion 
coe f f i c ient 
г 
0.77 
0.56 
0.900 
0.63 
0.82 
0.78 
rat io 
k-up 
k-dova 
1.3*0.9 
2.1*1.1 
1.0*0.2 
1.6*0.6 
0.7*0.3 
2.3*1.1 
l inear regreeaion 
k-up · a.k-down*0 
α 
-
-
1.02 
-
-
-
« 
-
-
-1.2 
-
-
-
P(» - 0) 
.X 
-
-
1.9 
-
-
-
Table 5*3 Correlation between the coefficients of 
alinearity of the purely and delayed elastic 
deformations 'up' and 'down' for the 
different kinds of experiments. 
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PiriaeterB 
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» У 
к "
к
 » 
виц лЦ 
к -к , 
•ιιχ pu_L 
к' -к' 
•и pu 
шац pd, 
k
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к' -к' 
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k
.uj ~rtij/ 
k
«uj. ~Sdi 
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•u ld 
к . -ie . 
•dj. *dl 
k
.d ""id 
pu// »d// 
kpux ~"·«1 
к' -г', pu ld 
kpd # -
K
.d// 
Pdl idj_ 
kl· -K'J pd ld 
Nuaber of 
correct 
paira of 
BeiBureaentfl 
17 
28 
18 
24 
46 
30 
7 
18 
28 
10 
18 
24 
9 
13 
28 
II 
18 
24 
Significince 
Ρ (X) 
(6.2) 
1.4 
2.5 
-
-
<0.l 
«0.1 
Correlation 
coefficient 
г 
0.46 
0.29 
0.3S 
0.17 
0.13 
0.41 
0.00 
0.30 
0.14 
0.06 
0.24 
0.29 
О.ОЭ 
-0.30 
0.80 
ο.οβ 
-0.01 
0.81 
Ritió 
1 
χ 
19» IS 
40+ 20 
23* 15 
13+ 9 
23+ И 
10+ 7 
700+ 240 
3000+3000 
700+ 700 
1200+1200 
3000+2000 
800+ 600 
70+ 60 
120+ 90 
40+ 20 
120+ 90 
140+ 80 
80+ 40 
Table 5Л Correlation between the coefficients of alinearity 
of the three distinct processes in relation to 
each other for the different kinds of experiments. 
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This result together with the high correlation coefficients 
found in the corresponding initial coefficients of elasticity 
supports our description of the delayed elastic and viscous 
process in section 5.3.3. These results indeed indicate that 
these processes are initially determined Ъу elastin fibre 
properties, while the alinearity is in the first place a re­
sult of involving more and more fibres, which results in much 
higher coefficients of alinearity than found in the purely 
elastic process. The delayed elastic and the viscous process 
are correlated in torsion experiments. It is very likely that 
both processes have the same cause. The shifting of collagen 
bundles recruits more and more elastin fibres and limits the 
free space. 
5.6.U Concerning the behaviour across and along Langer's 
lines 
When we compare the results of experiments in the principle 
directions, it is to be expected that the correlations 
between corresponding parameters will be less pronounced 
than between corresponding parameters for the same direction. 
Parameters which are determined in experiments with separate 
attachments to the skin will always show a wider scattering, 
although we have tried to measure under the same conditions 
and on the same site. Moreover, according to our fibre model, 
not the same fibres are involved in a uniaxial strain experi­
ment along and across Langer's lines. So, especially for those 
parameters which do not vary much from one subject to another, 
the correlation coefficient can no longer be interpreted as 
the correlation between two corresponding parameters but has 
to be interpreted as a measure of the accuracy with which the 
2ІЮ 
parameters can Ъе measured. In such cases it is only the ratio 
between the corresponding parameters which bears the infor­
mation. Nevertheless it has to be expected that the characte­
rizing parameters of the distinct viscoelastic processes are 
interrelated. Table 5.5 shows that the corresponding initial 
coefficients of elasticity along and across Langer's lines are 
correlated significantly. 
M06N.rri2) 
Esd// 
FÌK.5.13 E , versus E , as measured on 1+5 healthy subjects 
sd|| sd^ 
showing the fair correlation between corresponding 
initial coefficients of elasticity along and across 
Langer's lines and the negligible intercept of the 
linear regression. 
2UI 
Viacoelaatic 
parameter 
» 1 
E "E 
•
u l ,u// 
E
adx ~Ead// 
E ~E 
puj_ pu// 
E j "E j , pd_L pd// 
Vl_,4r 
Number of 
correct 
paira of 
meaaurementa 
46 
45 
9 
25 
1 
Significance 
Г (X) 
<0.l 
<0.1 
-
0.2 
-
Correlation 
coefficient 
г 
0.68 
0.74 
0.48 
0.60 
-
Ratio 
A - * 
X 
14+ 8 
14+ 7 
30+20 
16+ 9 
-
Table 5.5 Correlation between the initial coefficients 
of the three distinct processes along and across 
Langer's lines 
As shown for E . in fig.5.13 the ratio of the parameters 
sd 
bears the information, in this case about the anisotropy. The 
ratios of the distinct processes, the anisotropy factors are 
all in the same order of magnitude. With respect to the alinear 
behaviour in both directions table 5.6 shows that no signifi­
cant correlation can be found between the corresponding para­
meters. Table 5·6 shows that all ratios include identity 
(ratio 1.0). The ratios of the purely elastic processes seem to 
be larger than 1.0. 
2U2 
Coefficient 
of a l inearity 
* У 
к -к 
к -к 
edj. ed// 
к -к 
Р " 1 Ρ"// 
к -к 
P«U Pd// 
*sdj. ~*eiJI 
Number of 
correct 
pairs of 
measurements 
23 
30 
16 
22 
4 
Significance 
p m 
-
-
-
(7.6) 
-
Correlation 
coef f ic ient 
r 
-0.11 
-0.09 
0.41 
0.38 
-
Ratio 
Σ 
X 
2.3+1.4 
1.6+0.8 
0.8+0.4 
0.9+0.5 
-
Table 5·6 Correlation between the coefficients of alinearity 
of the three distinct processes along and across 
Langer's lines. 
However, owing to a systematic error, these values are too high. 
It should be noted that the rather low number of correct pairs 
of measurements is merely due to an incorrect measurement of the 
k-values along Langer's lines (see Table 5.3). The stress-strain 
relationship of this process shows in this direction only a 
weak curvature. This means that measurements on subjects with 
relatively low k-values are discriminated with respect to the 
subjects with relatively high k-values in the accuracy of the 
determination. 
2І+3 
This artefact results in a relatively large number of rejec­
tions of lower k-values and thereby in an artificial increase 
in the mean coefficient of alinearity. 
Taking into account the high anisotropy in the skin, the rather 
difficult determination of the k-values along Langer's lines and 
the consideration that not the same fibres are involved in both 
directions all the results strongly suggest that к -values are 
S 
identical in both directions and indicate the same property of 
the skin: a property of the elastin fibres involved. 
The к -values are not affected by a lack of curvature in any 
direction and the ratios found clearly suggest equality in both 
directions. 
5.6.5 Torsion measurements in relation to uniaxial strain expe­
riments 
In general the correlations between the results of torsion mea­
surements and uniaxial strain measurements are worse than those 
between the results of uniaxial strain measurements in the 
principle directions. The main cause of the lower r-values is 
that in torsion experiments the interindividual differences 
appear to be less pronounced than in uniaxial strain experi­
ments (see also section 6.3.2). In table 5·Τ it is shown that, 
roughly spoken, significant correlations are found between the 
corresponding initial coefficients of elasticity. Table 5·8 
shows that no significant correlation is found between the corre­
sponding coefficients of alinearity. However, after a division 
of k'-values by 0.32 (equation 5-53), the ratios of the coeffi­
cients of alinearity of the purely elastic process of torsion 
measurements and uniaxial strain measurements across Langer's 
lines are equal in accordance with the fibre model. 
2kk 
The ratios betveen the corresponding k' and к -values deviate 
S SQ 
from ].0 for the same reason as in the previous section. 
Parameters 
correlated 
ж У 
G -E 
su su^ 
С -F. 
su eux 
ed ed// 
sd ed . 
pu pu// 
G -E pu puj^ 
Gpd "Epd// 
pd pd¿ 
Ysd "nsd// 
Ysd -\d± 
Number of 
correct 
pairs of 
measurements 
47 
48 
46 
48 
27 
13 
33 
39 
II 
5 
Significance 
p m 
0.2 
<0.l 
<0.l 
<0.l 
-
-
0.5 
(6.4) 
-
-
Correlation 
coef f i c i ent 
r 
0.44 
0.53 
0.48 
0.58 
0.25 
0.04 
0.48 
0.30 
0.16 
0.57 
Ratio 
X 
У 
.15+ .15 
1.6 +1.2 
12 + .12 
1.3 +0.8 
0.08+0.07 
2.0 +2.0 
0.16+0.16 
1.8 +1.3 
0.14+0.11 
0.40+0.30 
Table 5.7 Correlation between the initial coefficients of the 
three distinct processes of torsion measurements in 
respect to uniaxial strain. 
2U5 
Parameters 
c o r r e l a t e d 
* У 
к' -к . 
su auf 
к' -к 
su su J. 
к' -к 
ad ed// 
к ' . -к . 
•d a d ¿ 
к' -к pu pu// 
к' -к pu p u
x 
к' -к 
Pd Pd// 
к' -к pd pdj. 
κ' -к 
sd ed// 
κ' -к 
ad ed± 
Number of 
c o r r e c t 
paira of 
measurements 
27 
48 
29 
36 
26 
27 
18 
29 
8 
7 
S i g n i f i c a n c e 
Ρ (X) 
-
-
-
-
-
-
-
3.8 
-
-
C o r r e l a t i o n 
c o e f f i c i e n t 
г 
- 0 . 0 4 
0 .04 
- 0 . 1 0 
0.11 
- 0 . 0 5 
0 . 0 8 
- 0 . 1 2 
0 . 3 9 
0 . 5 3 
0.41 
Ratio 
κ 
ОЗу" 
0 . 5 + 0 . 4 
0 . 9 + 0 . 6 
0 . 7 + 0 . 5 
1.0+0.6 
0 . 6 + 0 . 4 
П.5+0.3 
0 . 8 ± 0 . 8 
0 . 4 + 0 . 3 
0 . 4 + 0 . 3 
0 . 4 + 0 . 3 
Table 5.8 Correlation between the coefficients of alinearity 
of the three distinct processes of torsion measure-
Ь6 ments in respect to uniaxial strain. 
5.6.6 Concerning the time constants 
A comparison of the time constants 'up' and 'down' shows that 
these parameters are correlated to each other only in torsion 
measurements (table 5-9). 
Τ I H 
constant* 
correlated 
* У 
d u 
d u 
t, - τ 
d u 
Kind of 
experiment 
along 
across 
toraion 
Number of 
correct 
paira of 
aeaaureaenta 
49 
«9 
49 
Significance 
Ρ (I) 
-
-
4.4 
Correlation 
coefficient 
г 
0.09 
-0.00 
0.29 
Ratio 
X 
У 
1.6 +0.3 
1.8 »0.Э 
1.43+Ο.Ιβ 
Table 5.9 Correlation between the time constants 'up' and 
'down' for the different kinds of experiments. 
In spite of the high number of correct measurements it is 
likely that this is due to a lack of variability of these 
parameters (fig.6.9). Table 5.Ю shows that the time con­
stants of the corresponding parts of the time deformation-
curve of different kinds of experiments are not related to 
each other either. 
2U7 
Tis« 
constante 
correlated 
x У 
τ
 - "
τ 
Τ , - Τ . 
d . dj. 
ftmber of 
correct 
paira of 
meaauraiient· 
49 
49 
49 
49 
49 
49 
Significance 
Ρ CO 
1.8 
-
-
-
-
Correlation 
coeff icient 
г 
0.34 
0.06 
0.04 
-O.OO 
0.12 
0.16 
Ratio 
ж 
7 
I.I ±0.2 
1.0 ±0.2 
1.2 +0.2 
0.97+0.06 
I.I ±0.2 
1.0 +0.2 
Table 5.10 Correlation between the time constants found 
in different kinds of experiments in respect 
to each other. 
The symbol Θ means torsion experiment. 
However, for all cases the ratios are about J.0, indicating 
that the magnitudes of the τ-values are equal in all kinds 
of experiments: τ = 3.5 s, τ, = 6.0 s. Both results imply 
that the time constants for all subjects and for all kinds 
of measurements have about the same value: only a difference 
is found between the passive and the active state of defor­
mation 'up' and 'down'. This result together with the large 
variability of the initial coefficients of elasticity of the 
21*8 
delayed elastic deformation again supports the assumption 
made in section 5·3.3 that these time constants are not the 
consequence of the coefficients of elasticity and viscosity 
in parallel but are a result of the collagen fibre-intersti­
tial fluid interaction. 
5.7 Fibre characterization of the parameters 
In the previous sections of this chapter it has been made plaus­
ible that a part of the parameters which characterizes the mechani­
cal properties of the skin can be interpreted as fibre proper­
ties or fibre-fluid interactions, while other parameters have 
lost their meaning. It has also been shown that the torsion 
measurements, are, as such, not the most appropriate measure­
ments to determine these fibre properties. The absence of in­
formation about the anisotropy in the skin and the problems with 
a correct' description of the deformations (section 5Λ.3) and 
with a quantitative interpretation of the results in terms of 
fibre properties, make this kind of experiments, though very 
simple to perform, not very fruitful. 
Therefore uniaxial strain experiments are preferable. The inter­
pretation of the subset of 12 uniaxial strain parameters of table 
ЗЛ in terms of fibre properties is as follows: 
measure of the mean number of elastin 
fibres which can maximally be involved 
in a uniaxial strain experiment (along 
Langer's lines). 
measure of fibre arrangement (skin 
structure), the ratio of the mean 
numbers of elastin fibres effectively 
involved along and across Langer's lines. 
2U9 
purely elastic Ε , 
sdii process " 
A
 A sd 
к - qualitative property of the elastin 
fibres. 
delayed elastic E - measure of the initially involved num-
process и 
ber of elastin fibres limiting the shif­
ting and the orientation of the bulk 
of collagen fibres in the direction 
of the stress in the passive state of 
an experiment along Langer's lines. 
Ε , - measure of the initially involved number pd
e 
of elastin fibres actively reshifting 
and reorientating the bulk of collagen 
fibres to a stress-free condition after 
the cessation of a stress along Langer's 
lines. 
A - measure of fibre arrangement (skin struc­
ture), the ratio of the number of ini­
tially involved elastin fibres limiting 
the shifting of the bulk of collagen 
fibres in the principal directions of 
the skin. 
к , - measure of the increase in stiffness 
pdjL 
as a result of involving more and more 
elastin fibres by shifting the bulk of 
the collagen fibres. 
τ - time constant related to the velocity 
of the shifting of the bulk of collagen 
fibres through the interstitium. 
τ, - time constant related to the velocity 
dl 
of the reshifting of the bulk of collagen 
fibres to a stress-free condition. 
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viscous process η , - a parameter with an dbscure meaning 
which is very difficult to measure, 
indicating the order of magnitude of 
the free space in a stress-free condi­
tion after loading. 
α , - some information about the magnitude 
of the free space with respect to 
Langer's lines. 
к - parameter indicating the strict spatial 
limitations of the free space in a 
stress-free condition. A measure of 
the lack of increase of this free 
space. 
From a morphological point of view, the following classification 
can be made regarding these parameters: 
1. amounts of fibres: Ε , , Α , , Ε , Ε , , Α , , η , 
sd|| sd PU| pdjj pd sd|| 
Elastin fibre properties 
 
2. fibre quality: k , 
sdj_ 
3. fibre arrangement: A , , A , , k , , η , , α , , κ , 
^ sd pd pdj_ sd| sd sdj_ 
Collagen bulk properties: 
velocity of the shifting in the interstitium: τ , τ, . 
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CHAPTER 6 NORMAL VALUES FOR HUMAN SKIN AND DIFFERENT BEHAVIOUR 
IN SOME PATHOLOGICAL CASES 
6.1 General introduction 
In the previous chapter the results of uniaxial strain and tor­
sion measurements have been compared with each other and have 
been interpreted in terms of fibre properties with the aid of 
a fibre model. With this fibre model it appeared possible to 
characterize the properties of the skin with a set of parameters, 
which could be determined independently of each other and which 
describe quantitatively a number of independent properties of 
the skin, such as: the amount of elastin fibres, the quality of 
the elastin, the angle distribution of the fibres, rearrange­
ments of fibres, free space etc. It is obvious that such para­
meters can be very valuable in clinical practice for characte­
rizing the normal or pathological condition of the skin. 
The first step towards such an application is to find normal 
parameter values in relation to sex and age and to show that 
in pathological conditions a behaviour can be found, which 
differs significantly from normal. In this chapter the model 
parameters found in 49 normal subjects of both sexes and various 
ages will be presented. The normal behaviour, the normal range 
and the dependences on sex and age will be deduced. A few re­
sults of incidental measurements on pathologically structural 
aberrant skin will Ъе compared with the normal behaviour. 
Finally the characteristic different behaviour found on five 
subjects suffering from Pseudo Xanthoma Elasticum will be 
presented and discussed. 
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6.2 The organization of the investigation 
6.2.1 Introduction 
For several purposes we have studied the mechanical proper­
ties of the skin in a number of subjects: 
- to verify our fibre model description, 
- to determine the normal range and the variability of skin 
properties, 
- to determine the relationships with age and sex, 
- to investigate the correlations between skin elasticity and 
volume distensibility parameters in order to gain more insight 
into the interpretation of these parameters in mechanical terms 
(see the introduction of this monograph), 
- to obtain a frame of reference for the interpretation of patho­
logical behaviour, 
- to get an impression about the importance cf clinica] obser­
vations such as symptoms of atopy and varices, both as indi­
cators of different behaviour of skin elasticity as well as 
of the volume distensibility. 
Since the verification of the fibre model is a conditio sine qua 
non and since this project was started in order to investigate 
the functional significance of the skin elasticity for the peri­
pheral circulation in the lower leg, an extensive investigation 
of a limited number of normal subjects has been chosen for. In 
spite of this limited number the normal range and the relation 
to sex and age can be determined. 
6.2.2 The subjects 
Normal healthy subjects were recruited by requests for volunteers 
in local newspapers. At the outset their age had to be in one 
of the following four age categories: 
2β0 
19-21, З^-Зб, i*9-51 and 6U-66 years. However, it appeared 
that of the oldest age group only a few people were interes­
ted so that the category limits of that group were enlarged. 
All the aspirant subjects were carefully examined by an 
experienced dermatologist*who checked the normal condition. 
About one third of the volunteers, most of them elderly 
people, were refused because they could not be considered 
to have a normal skin at the calf and a normal circulation 
in the lower legs with respect to their age. Finally 1+9 
subjects were selected. Age and sex distribution are presen­
ted in table 6.1 
N . age 
sex ^ v 
male 
female 
19-21 
6 
6 
34-36 
7 
6 
49-51 
5 
6 
64-66 
7 
6 
Table 6.1 Age and sex distribution of the 1+9 selected normal 
subjects. 
The following clinical aspects of the examination are involved 
in the further investigations: 
- the occurrence of varices, 
- symptoms of atopy based on clinical examination and personal 
* We are much obliged to Prof. Dr. J.P. Kuiper who personally 
took care of this work. 
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anamnestic data, 
- an impression of skin stiffness made by palpation. 
The first two parameters have scores on the following scale: 
negative, possible in slight degree, in some degree and posi-
tive. The third parameter can score on the following scale: 
stiff, normal, weak. 
The subjects were also questioned about a possible occurrence 
of varices and/or atopy in their family and records were made 
about aberrations like erythrocyanosis and follicula hyper-
keratosis. These latter data are only used to direct the train 
of thought in case the results of a single subject should de-
viate from the results found on the other subjects. 
All subjects had a normal blood pressure. 
6.2.3 The set of experiments 
On each subject an elaborate programme of measurements was per-
formed on two consecutive afternoons. The mechanical proper-
ties of the skin of the left calf were determined with uniaxial 
strain experiments in the two principle directions along and 
across Langer's lines and with torsion experiments. As mentioned 
in section 3.^ .9 all these measurements were repeated at least 
once for all subjects. When the results did not coincide a 
third measurement was performed. There were always two coin-
ciding measurements out of three. The data presented are the 
results of one of the two coinciding measurements. 
Additionally the volume distensibility on the calf and the 
foot of the same leg was determined plethysmographically: 
on the calf because these results can be related directly to 
the results of uniaxial strain and torsion measurements and on 
262 
the foot because this location is normally used in routine 
measurements in the vascular laboratory of the Dermatological 
Department. The results of the Plethysmographie experiments 
and their correlation with the results found on the skin will 
be dealt with in chapter 7· During all experiments the skin 
temperature on the calf was determined intermittently. All 
subjects showed values in the range 30-32 C. 
6.2.h Statistical techniques 
From the total set of data of all subjects only the subset of 
'correct measurements' (i.e. determined by BMD07R with an 
accuracy better than 50$) bears reliable information about the 
parameter values. The normal values, the normal range, the 
variability and the relation with age and sex have been deduced 
from this subset. Several statistical techniques have been used 
to characterize and to quantify these different kinds of infor-
mation. The possible influence of sex and age (age groups) on 
the results have been studied with a twofold analysis of 
variance (Scheffé, 1959). 
This analysis makes higher demands upon the age dependency of 
the data than a linear regression technique. Yet, the results 
of this techniques have to be interpreted with caution since 
the conditions for application - a normal distribution function 
and equal variance within each group - cannot be checked for 
these small groups of subjects. 
Age relationships have only been taken into account in as far 
as a significant influence could be found with this technique. 
Differences between both sexes never exceeded the statistical 
criteria. If no significant influence of age was found the 
groups of subjects were combined and the normal value and the 
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normal range were calculated independent of age. 
There are two objectives that one might have in mind for deter­
mining the limits of the normal range: 
- first as a warning. Limits with this aim are frequently used 
for diagnostic purposes in cases when the risk of pathologically-
aberrant values not being detected should be small. 
- second as a description of the normal range. In such cases 
the risk should be small that results of normal subjects would 
be out of the normal range. 
The inner limits of confidence intervals of percentiles are re­
commended as limits which indicate a warning and the outer limits 
of these percentiles are recommended as limits with a descriptive 
function. The inner and outer limits together indicate the confi­
dence interval of percentiles of a distribution function. In 
view of the low numbers of correct measurements and the lack of 
knowledge about the distribution function, the inner and outer 
limits of the percentiles P_ and P__ were determined in a distri-
5 95 
bution-free procedure with a reliability of 90% (Riimke et al., 
1972). For the parameters which appeared to be age dependent in 
the analysis of variance the correlation coefficient with age 
was calculated and a linear regression was made in which the 
exact age of the subjects was taken into account. For each data-
point the difference in parameter value with respect to the re­
gression line (the residues) was calculated. The normal limits 
of Ρ and Ρ
 ς
 were determined from these residues. The normal 
range of these parameters is obtained by drawing parallel lines 
over and under the regression line at distances to this line -
in parameter values-which are equal to the inner and outer 
limits of Ρ
ς
 and P Q . The range in which individual parameters 
have to be regarded as normal is indicated as a function of age 
26h 
Ъу the area betveen the inner limits. The areas between the in­
ner and outer limits indicate the ranges of values for which it 
is dubious whether the individual results can be considered 
normal or not. The areas outside the outer limits indicate the 
ranges of values in which an individual result has to be consi­
dered abnormal due to an aberrant condition of the skin. 
If the results are regarded as samples of a normal distribution 
function the mean value of which can vary with age and which 
has a constant variance, the inner and outer range indicate the 
minimal and maximal value of 3.3 times the standard error. 
6.3 The normal behaviour related to sex and age 
6.3.1 The purely elastic process 
The results of the three characterizing parameters of the instan­
taneous purely elastic process E , , A , and к , are presen-
sdii sd sdj^  
ted in fig.6.1, fig.6.2 and fig.6.3 respectively. 
In these figures as well as in the following figures of this 
chapter the following data are represented (in as far as they 
can be calculated): 
- the parameter values of all correct measurements as a function 
of the age of the subject . Females with dots, males with open 
circles. 
- The mean value and the S.E.M. of each age and sex group. Within 
each group they have been drawn next to each other for ease of 
survey (males left, females right). 
- The linear regression line in case of a relation with age or 
a horizontal line indicating the mean value if the influence 
of age could not be demonstrated. 
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The inner and outer limits of V and V as lines parallel 
to the regression line c.q. as horizontal lines. When the 
number of correct measurements has decreased below 1+5 only 
the inner limits can be given. 
dKr^Nrn2) 
E*/ 
80 (years) 
-*• «9· 
Fig.6.1 Results found on healthy subjects and the normal 
behaviour of E
 л
 for both sexes, related to age. 
sd„ 
As can be observed in fig.6.1 the E ^ values decrease signi­
ficantly with age. This result is a strong argument that elastin 
fibres are responsible for the behaviour of the skin (see sec­
tion 5.3.1). The decrease in value between age group 19-21 and 
6h-66 equals about 50$. It is important to note that the same 
decrease of 50% is found for E g d and in the 'up' versions of 
these parameters. The torsion parameters G
s d and G g u however 
show only a slight decrease (about 15*) between these age groups, 
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The explanation of this discrepancy has to be found in the 
additive effect mentioned in section 5·^·^· If this additive 
effect beneath the disc is independent of age, the stretching 
of fibres between disc and guard ring, which shows a decrease 
with 50% between the young and the old age group, is reflected 
as a decrease of 15% in the results of torsion measurements. 
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Fig.6.2 Results found on healthy subjects and the normal 
behaviour of A , for both sexes, related to age. 
sd 
A , values (fig.6.2) appear to be independent of age. The ani-
sd 
sotropy tends to show a higher value for females than for males, 
16 against 13. However, this difference is not significant. 
к , values (fig.6.3) have a slight tendency to increase with 
sd_i 
age. A significant age dependency of к values could not be 
demonstrated in either of the experiments using the twofold ana­
lysis of variance. The mean value of к , is 18.5· 
sai 
2б7 
Θ0 (years) 
-» age 
Fig.6.3 Results found on healthy subjects and the normal 
behaviour of к for both sexes, related to age. 
sdj^  
6.3.2 The delayed elastic process 
The results of the six characterizing parameters of the delayed 
elastic process E > Ε , , A , , к , , τ and τ, are pu„ pd„ pd pdj uj_ dj. 
presented in fig.6.U through fig.6.9 respectively. The initial 
coefficients of elasticity E and Ε , decrease with age 
pu„ pd, 
(fig.6.U and fig.6.5) as in the instantaneous purely elastic 
process. However, E values are less accurate to determine than 
E values (see section 5-6.2) which decreases the number of 
s 
correct measurements. The consequence of these low numbers is 
that only the inner limits of the normal range can be calcu­
lated and that, especially in the case of E , the P-value 
риц 
of the correlation with age is increased above the accepted 
significance level. 
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Fig.6.U Results found on healthy subjects and the normal 
behaviour of E for both sexes, related to age. 
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Fig.6.5 Results found in healthy subjects and the normal 
behaviour of Ε , for both sexes, related to age. 
Pd|| 
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Since E and E values are correlated to each other (section 
s ^ ρ 
5-6.2) and since all these values are a measure of the amounts 
of elastin fibres involved, it can be expected that all E and 
s 
E values show about the same relationship with age. Table 6.2 
shows that with the exception of E and Ε , which have the 
pu« puj_ 
lowest numbers of correct measurements, all coefficients show 
about the same correlation with age. 
Parea·ter 
correlated 
with age 
K
...// 
K
„dÄ 
pu* 
•w 
W 
W 
pu Л 
E J X U . 
Number of 
correct 
measurement· 
47 
46 
27 
23 
48 
48 
13 
39 
Significance 
r m 
0.4 
1.1 
-
0.8 
0.9 
0.7 
C9.0) 
0.1 
Correlation 
coefficient 
r 
-0.19 
- 0 . 11 
-0.12 
-0.42 
-0.34 
-0.35 
-0.40 
-0.37 
Table 6.2 The correlations of coefficients of elasticity 
with age. 
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In the average a correlation coefficient of -0.37 is found. 
For this reason the results of E and E have to be con-
puH ^ puj_ 
sidered as depending on age too and a linear regression has 
been made on the data of fig.6.U. 
The corresponding results of torsion measurements G and G . 
do not show a significant relationship with age. Again this 
different result of torsion measurements has to be attributed 
to the additional effect beneath the disc. A , values (fig.-
pd 
6.6) turn out to be independent of age. Fig.6.6 shows that 
A , has a wide normal range. The low number of correct measure-
ments makes it impossible to determine the outer limits. 
The magnitude of A , is fairly equal to the magnitude of A ,. 
»pd 
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Fig.6.6 Results found on healthy subjects and the normal 
behaviour of A , for both sexes, related to age. pd 
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Fig.6.7 Results found on healthy subjects and the normal 
behaviour of к , for both sexes, related to age. pd¿ 
The к , values do not shov any relationship with age. The mean 
value is about 400, more than 20 times larger than к 
sdì 
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Fig.б.8 Results found on healthy suhjects and the normal 
behaviour of τ for both sexes, related to age. 
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Fig.6.9 Results found in healthy subjects and the normal 
behaviour of τ for both sexes, related to age. 
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The results of the time constants τ and τ (Fig.6.8 and 
6.9 respectively) do not show the same relationship with age. 
τ appears to he constant with age, while τ. shows a signi­
ficant increase. The mean value for т
ц
 is about 3.5 seconds; 
τ increases from 5·8 "to 6.2 seconds. 
6.3.3 The permanent deformation 
The results concerning the purely viscous process are rather 
scarce; only 11 correct measurements of n
s d are available 
(fig.6.10). For this reason only the 
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Fig.6.10 Results found on healthy subjects and the normal 
behaviour of η „ for both sexes, related to age. 
sdB 
mean value is indicated in the graph. Relationships with sex 
and age cannot be calculated and an estimation of the normal 
range is meaningless. 
21k 
fi — 2 
The standard deviation is 1.2 χ 10 N.s.nT . The anisotropy 
α can only be calculated of one single subject. A value of 
s 
1.5 i s found. 
70 еОІумг·) 
-* ig · 
Fig.6.11 Results found on healthy subjects and the normal 
behaviour of к , for both sexes, related to age. 
sdj_ 
The alinearity к , could be calculated for 18 subjects (fig. 
6.11). Again the relationships with age and sex and the normal 
range are not determined. Fig.6.11 only shows the datapoints 
and the mean value. The standard deviation of the results 
3 
is 22 χ 10 s. 
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6.3.1+ Summary of the results and discussion of the normal 
behaviour 
With respect to the alterations with age four specific conclu-
sions can be made: 
1. The coefficients of elasticity decrease with age, i.e the 
amount of elastin fibres decreases with age. 
2. The anisotropy remains constant with age, i.e. there are 
no important changes in skin structure. 
3. The coefficients of alinearity remain the same, i.e. the 
quality of the elastin fibre does not change with age. 
h. The time constant 'down' increases with age in contrast 
with the time constant 'up1. 
1. The first conclusion is in agreement with the observations 
of Dick (19^7) and with the general view as expressed by 
Lindner (1972), who wrote an excellent review about skin 
ageing. In contrast with that Alexander et al. (1973, 1973a, 
1976) state that the collagen fibres govern the mechanical 
properties of the skin and that it is well established that 
skin stiffens with age. Though Alexander used low subatmos-
pheric pressures (7.5 kPa maximum) in his suction experi-
ments, the actual stresses on the fibres in the plane of the 
skin are in his experiments considerably higher than in 
ours. According to Grahame (19&9, 1970) the stresses applied 
with a suction cup device as by Alexander are about 5 x 10 
-2 N.m maximal. This is more than about ten times as much as 
in our experiments. For that reason our results and inter-
pretation and his results and interpretation do not inter-
fere with each other as the data are obtained from different 
regions in the 'biphasic' stress-strain curve (fig.5.1). 
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Burton (195^) stated that the ageing process is one in which 
the initial slope is reduced, i.e. the elastin fibres are 
weakened and that the final steep slope of the connective 
tissue 'jacket' is reached at a smaller strain than before 
and that this corresponds with the pathologist's lecture of 
ageing. In contrast to several other authors (Mozersky et al., 
1972; Rollhäuser, 1950, 1950a, 1050b; Rothman, I95U; Grahame, 
1969, 1970) Holzmann et al. (1971) reported for the skin a 
decrease of the coefficient of elasticity with age in the 
collagen phase. Janssen and Rottier (1958) mentioned an hor-
monal influence on the mechanical properties of the skin. 
They reported a constant collagen content with age. This is 
contradicted by Shuster et al. (1975)» who report a decrease 
of the collagen density with age. In his torsion measurements 
with very low loads, Sanders (1971, 1973) found a small decrease 
of the coefficients of elasticity with age, in about the same 
proportion as in our experiments. 
The interindividual differences in our results are considerable. 
Indications about increase or decrease of these differences 
with age are not found. 
2. About the anisotropy in the skin of the calf the most remarkable 
conclusion is that the magnitude is very high. Anisotropic 
values reported by Gibson et al. (1969) and Stark (1977) are 
much less. However, their results refer to the beginning of 
the collagen phase in the skin and not to the initial coeffi-
cients of elasticity. Moreover, they did not perform experi-
ments on the calf. As we have shown in section 3-7·5 the skin 
on the forearm is less anisotropic. 
3. With respect to the coefficients of alinearity к , and к , 
the most surprising result is the large difference between them. 
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Also the datum that the former tends to increase with age 
and the latter does not, is an extra argument to interpret 
both parameters in different ways (see section 5-7)· Compara­
ble data from other authors are unknown to us. 
h. With respect to the viscoelastic properties of the skin 
and the increase of τ, with age some additional informa-
d
-L 
tion can be found in the literature. Schade's elastometer 
(1912) is used by several authors to achieve information 
about the delayed elastic properties of the skin (Schwartz, 
1916; Kunde, 1926; Kirk et al., 19U9, Hickman et al., I966). 
More recently, especially torsion experiments in vivo 
(Sanders, 1971, 1973; Finlay, 1971) have been performed for 
this purpose. Most authors report increasing time constants 
in oedematous conditions. Finlay (1971) reports a slightly 
slower viscoelastic response with increasing age. 
Sanders (1973) states that the time constant does not change 
with age. Our criticism with respect to the technique he used 
to calculate the time constants is already presented before 
(see section 3.6.2). Our results 'down' show a similar slight 
increase as the results of Finlay. As far as we know a 
distinction between the behaviour 'up' and 'down' has never 
been reported before. The purely viscous process is so diffi­
cult to measure that it is impossible to say something 
about its relationship with age. Finlay (1971) mentions 
that the ability to return to a zero condition is lacking 
more and more with age. 
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6.U The normal behaviour related to clinical observations 
Each of the twelve parameters which characterize the skin has 
been correlated with the three clinical aspects of the exa­
mination (see section 6.2.2): varices, atopy and skin stiff­
ness. 
None of the twelve parameters, appears to correlate with the 
occurrence of varices. In view of some clinical observations 
of the skin of patients suffering from varices (Van der Molen, 
1966; Zsoter et al., I967) this is an unexpected result. 
Therefore it must be concluded that changes in the elastin 
fibre properties can hardly play a causal role in varicosis. 
Only three out of the twelve skin parameters appear to have 
some correlation with atopy: к , , τ and τ , 
pd
x
 uj_ dj. 
(Significance Ρ = 6.1+, 8.3 and h.5% respectively). These three 
parameters have a common aspect in the interpretation, being 
indicators of properties of the shifting of the bulk of 
collagen. They all show a positive correlation coefficient. 
This means that in atopic subjects the time constants of the 
delayed elastic process are larger, which represents a lower 
velocity of the shifting, and the alinearity is higher, indica­
ting a more pronounced increase as a function of the stress of 
the amount of elastin fibres involved. 
The impression of skin stiffness obtained by palpation appears 
to be an improper characterization of the mechanical properties 
of the skin for small deformations. None of the twelve para­
meters of the skin show a significant correlation. Only a pos­
sible correlation (Significance Ρ = 9·^%) is found with Ε , , 
sa.|| 
the parameter which characterizes the amount of elastin fibres 
in the skin. 
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These results suggest that, though both uniaxial strain ex-
periments and the palpation are techniques to obtain the same 
kind of information of the skin, the manual impression is 
unreliable to draw any conclusion from at least in nonpatho-
logical cases. 
6.5 Perspectives; Incidental results in pathological conditions 
6.5·1 Introduction 
In order to demonstrate the power of the methods and the des-
cription presented, results of some incidental measurements on 
pathologically structural aberrant skin will be given in 
this section. In the following the results of a stiff oedema-
tous skin before and after dehydration will be discussed. 
Furthermore the results of an extremely weak skin which is 
degenerated due to the excessive local use of corticosteroids 
will be presented. In the end the results of five subjects suf-
fering from Pseudo Xanthoma Elasticum will be compared with the 
normal behaviour. 
6.5·2 The case of a subject with a stiff oedematous skin 
Abnormal mechanical properties of oedematous skin have been 
reported frequently in the literature( for instance Youmans 
et al., 193^; Sodeman et al., 1937). Apparently a significantly 
different behaviour occurs in oedematous skin. We examined a 
twenty years old woman with atopic dermatitis who had 
typical oedematous skin conditions. Table 6.3 shows the 
results of the twelve characterizing parameters as found 
before and shortly after general dehydration. From Table 
6.3 it can be concluded that in the experiments before 
dehydration a lack of agreement exists between the initial 
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coefficients of elasticity of the purely elastic and the 
delayed elastic process (E , versus E and Ε , ). 
sd„ pu„ pdü 
The E , value indicates a rather stiff skin, while E 
Sd„ PU,| 
and E , indicate a rather normal or weak skin. 
Since it is found in normal subjects that these parameters 
are correlated, this lack of agreement is an indication that 
also other processes as accounted for in the fibre model, 
play an important role in oedematous skin. 
Table 6.3 The results of the twelve characterizing para-
meters of the skin as found before and just 
after general dehydration by a twenty years old 
woman with a stiff oedematous skin. Besides the 
absolute values the results are presented as per-
centages of the normal values for this age and 
the significance of differences with respect 
to normal is given ((-) means normal, 
(*) possibly (ab-)normal, (**) abnormal). 
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Table 6.3 
282 
This indication is reinforced by the very low anisotropy found 
in the delayed elastic process. 
In the results after dehydration the initial coefficients of 
elasticity of both processes are in agreement with each other 
as are the anisotropies. For that reason it makes sense to 
interpret only these dehydrated results in terms of fibre proper­
ties. Ε , , E and Ε , together indicate that the amount 
sdfl pu|| pdy 
of elastin fibres is about twice the normal amount, while the 
low к value indicates that the quality of the elastin fibres 
is most probably abnormal. This fibre characterization of the 
pathological condition comes up to clinical expectations. 
The influence of the oedematous condition before dehydration 
appears to be reflected in the delayed elastic properties, i.e. 
in the shifting of the bulk of collagen fibres through the inter-
stitium. The purely elastic process seems not to be affected 
by dehydration. From these results it can be concluded that an 
oedematous condition can be recognized in the results and that 
in such case only after dehydration the correct fibre proper­
ties of the subject can be measured. 
6.5·3 The case of a subject with a corticoid induced atrophic 
skin 
In order to obtain an impression of the order of magnitude of 
different results which can be found in severe pathological 
cases, we examined a 5^ years old female with a very serious 
degeneration of the skin due to excessive local use of corti­
costeroids. Recently Pierard (1976) and Piérard et al. (19Тб) 
have reported some results of the influence of corticosteroids 
on the mechanical properties of human skin. In Table 6.k the 
results are presented as found in torsion measurements. 
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Unfortunately the uniaxial strain apparatus was not ayailable 
at that time. 
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Table 6Λ The results of the nine characterizing parameters 
of a torsion experiment as found by a 5^ years old 
woman with a corticoid induced atrophic skin. 
The presentation of the results is in analogy 
with Table 6.3. 
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From Table 6Λ it can be concluded that the patient shows a 
considerable deficit of elastin fibres. G
 J S G and G „ are 
sd pu pd 
about a factor of 10 less than in normal cases. Also the 
magnitude of the free space is almost 20 times larger than 
in normals (γ , is 20 times smaller), while the time constants 
of the delayed elastic process tend to be low. The k' value 
sd 
is not out of the normal range, which indicates a normal quality 
of the elastin fibres left. The normal value of k' gives rise 
pd ь 
to the suggestion that the degeneration by the corticosteroids 
only affects the amount of elastin fibres in the skin. 
6.5·1* The results found on 5 subjects with Pseudo Xanthoma 
Elasticum 
Nowadays it is generally accepted that Pseudo Xanthoma Elasticum 
(P.X.E.) is a dystrophic disease of elastic tissue (Gans, 1925; 
Findley, 195^; Ross, 1973). The elastin fibres degenerate and 
fragméntate by the presence of calcium depots. Harvey et al. 
(1975) presented a paper on the cutaneous extensibility in P.X.E. 
He found in suction cup experiments that the autosomal dominant 
types of the disease showed a lower modulus of elasticity than 
control subjects while the recessive type showed a higher 
modulus of elasticity. The incompatibility of this suction cup 
technique with our experiments is already discussed in chapter 
1. We examined 5 (autosomal dominant) patients, 3 males and 2 
females of various ages. The results are shown in Table 6.5. 
In this table only the relative results with respect to the 
normal value of the specific age of the subject and the sig-
nificances of these results are presented. In the column at the 
right the mean relative results of a parameter for these 5 
subjects is presented. 
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The results of the individual patients do not differ signi­
ficantly from the normal behaviour. But, since the results 
of the distinct subjects all tend to differ from the normal 
results in the same way and since it is well known that 
PSEUDO XANTHOMA ELASTICUM - 5 subject! 
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Table 6.5 Relative results of the twelve characterizing 
parameters of the skin of 5 subjects suffering 
from P.X.E. 
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these subjects are suffering from the same disease, it makes 
senre to calculate the mean values of the group in order to 
characterize the aberrant properties of the skin. The mean 
vulues of Table 6.5 indicate the following differences: 
PSEUDO XANTHOMA ELASTICUM - conclusions 
1. louer coefficients of -» less elastin fibres 
elasticity 
2. lower anisotropy •+ different angular distribution of 
the elastin fibres 
3. normal coefficients of -*• quality of the elastin fibres is 
alinearity normal 
4. normal time constants •* normal velocity of orientation of 
the collagen bulk 
5. lower coefficient of visco- -* more free space in the skin 
sity of the serial dashpot 
Table 6.6 Survey of the conclusions and the consequent 
interpretation in terms of fibre properties of 
the structural aberrrant skin in P.X.E. 
E . , E and E , have lower values than in normals. A , and 
sd)| риц pa и sd 
A , show a decrease in anisotropy, к , and к , are normal, the pd *J sd¿ pd¿ ' 
time constants are normal, η , and κ , show lower values. 
sdj_ sd¿ 
The conclusion which can be drawn from these results and the 
interpretation of these results in terms of fibre properties 
are presented in Table 6.6. 
The first conclusion is in correspondence with the general 
opinion about P.X.E. that the functional amount of elastin fibres 
is decreased. This result is also in agreement with the results 
of Harvey et al. (1975)· More surprising is result number 3 
that the quality of the elastin fibres left is normal. 
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As far as we know there does not exist any other result 
about fibre quality in P.X.E. It is not clear how this 
result can be reconciled with the presence of calcium de-
pots in the skin. 
6.6 General discussion 
In this chapter the normal values and the normal ranges of 
the twelve characterizing parameters of the skin, in relation 
to sex and age are presented. The relationships with age 
are very well acceptable within the concepts of the elastin 
fibre model and the generally accepted elastin fibre proper-
ties (Lindner, 1972). It is the author's impression that 
differences between the skin of males and females can only 
be demonstrated by doing experiments on a large number of 
subjects, due to the large interindividual differences. 
Dealing with these large interindividual differences it 
should be remembered (see section 3.7-1 and U.7.I) that the 
reproducibility of the measuring technique on the same 
subject is rather well. This means that even in pathological 
cases in which the individual result does not differ considerably 
from the normal values, there is still the possibility to follow 
the severity of the disease with time in order to diagnose 
regression or progression. 
However, in my opinion there is another important argument 
to use this measuring technique in pathological cases. Quan-
titative information is available in cases in which a diagno-
sis cannot or not yet be made in the conventional way. 
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CHAPTER 7 CORRELATIONS BETWEEN THE SKIN ELASTICITY AND THE 
VOLUME DISTENSIBILITY OF THE LOWER LEG 
7.1 General introduction 
One of the main objects of our research in the rheology of the 
skin on the calf is to study the functional significance of 
skin stiffness for the volume distensibility of the lower leg 
(see the Introduction of this monograph). The volume distensi­
bility follows from the relationship between the local intra­
venous pressure and changes in limb volume (p -V relation). 
Especially the time dependence of changes in limb volume induced 
by artificial rises in intravenous pressure appears to present 
a number of quantitative data about the circulatory system and 
a number of clinical indications about the normal or patho­
logical condition of the circulation (Kuiper et al., 1977, 1978 
and 1978; Brakkee et al., 1978). With strain gauge plethysmo­
graphy (Whitney, 195З) such results can be obtained in a rather 
simple non-invasive way. However, until now the relationships 
between the volume distensibility and the mechanical properties 
of the soft tissues functionally involved are unknown. It is 
even unknown to what extent individual soft tissues like skin 
and vascular wall contribute to this volume distensibility. 
Section 7-2 deals with the Plethysmographie technique. Some 
volume distensibility parameters that are possibly related to 
the viscoelastic parameters of the skin will be deduced and the 
results of our experiments will be presented. Section 7.3 deals 
with the functional significance of the skin elasticity. In 
section 7.U the correlations between the parameters of the 
skin elasticity and of the volume distensibility are discussed and 
finally, in section 7·5, & view will be presented on the signi-
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ficance of our work for the interpretation of volume disten-
sibility parameters in mechanical terms. 
7.2 The Plethysmographie experiments 
7.2.1 Strain gauge plethysmography 
In strain gauge plethysmography volume changes in the limb 
are deduced from corresponding changes in the circumference. 
These changes are detected vith a mercury filled silicone 
rubber tube placed around the limb. Variations in circumference 
are measurable as changes in the electrical resistance of the 
mercury 'thread' (Brakkee and Vendrik, I966). 
a) 
a) The positioning of the cuff around the thigh and 
the strain gauges around the calf and the foot. 
b) The strain gauge. 
b) 
Fig.7.1 
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Fig.7.1 shows the strain gauges in situ around the calf and 
the foot of the left lower leg. For praticai reasons they 
both consist of two mercury filled tubes mounted mechanically 
in parallel and electrically in series. Fig.7·Lb shows a 
strain gauge in detail. 
Plethysmography has been used to measure the volume distensi-
bility and the capillary filtration coefficient both on the 
calf and on the foot. The capillary filtration coefficient 
has been added to the volume distensibility parameters since 
this parameter is possibly related to the delayed elastic or 
viscous properties of the skin. 
For the measurements the subject lies in supine position with 
strain gauges around the calf and the foot and a conical pneu­
matic cuff around the thigh (width 13 cm). Upon sudden infla­
tion of the cuff to a pressure between the local systolic and 
the venous blood pressure, the limb volume increases gradually 
because the outflow of blood through the veins is blocked 
whereas the arterial inflow continues. When the cuff pressure 
is sustained the venous pressure in the congested limb reaches 
an enchanced stable level ρ in equilibrium with the cuff 
pressure ρ . Because of the elastic properties of the tissues 
beneath the cuff only a fraction of g of ρ is effective in 
occluding the vessels (Hesse, 1970). A mean value for g of 0.7 
has been found for a cuff with this width around the thigh 
(Kuiper, 1966; Kuiper and Brakkee, 1971)· In this state of con­
gestion the limb volume may still increase slightly due to the 
capillary outward filtration (fig.7·2). From the slope of the 
curve during venous congestion a filtration rate F~ can be 
calculated which is proportional to the enhancement of the 
venous pressure (Van Schalm, 1973, 1973a). 
299 
Since this filtration is a consequence of the pressure 
increase at the capillary level which is a fraction 0.8 
(Thulesius, 1973) of the induced venous pressure rise, the 
capillary filtration coefficient (CFC) can be calculated 
from: 
CFC = 0.8(g.p
c
 - p
v o
) (7-1) 
ρ is the local venous pressure in resting conditions, 
which in the supine position normally amounts to about 1.3 
kPa. CFC values are normally expressed in %.s .Pa .* 
-7 -1 -1 
A normal value on the calf is k χ 10 %.s .Pa . 
In the foot the filtration is much lower and can often not 
be measured in this way (the minimum detectable filtration 
_7 
rate corresponds with a CFC value of about 0.5 x Ю 
>.s 
-1 Pa - 1). 
V 
cong '«tion preisure in cuff 
<P,-10.7kPa) 
τ — ι — I -
10 
-> time 
V 
:
 increase In volume by 
filtered eitra vascular 
л
 f lu id 
Τ
-
min. 
Fig.7.2 Example of a record of the induced change in volume of 
the calf as a function of time, due to a pressure in 
the cuff. 
*The symbol % indicates the change in volume in ml per 100 
ml tissue. 1#.s~ . Pa- equals 8.0 χ 10 %.min" . mmHg 
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Within a few tens of seconds after deflation of the cuff the 
volume decreases to a level which may he slightly higher than 
its pre-occlusion level, because of the filtered extravascular 
fluid. The difference between this post-occlusion level and the 
level at the moment of deflation is taken as the value for the 
volume increase Л / caused by a venous congestion pressure ρ . 
By repeating this procedure for different cuff pressures a ρ -V 
relation can be constructed. 
Experimentally ρ can be determined as the fraction g of ρ , 
whereas ρ is the minimal cuff pressure that induces an increase 
*co ^ 
of the limb volume. 
7.2.2 The set of experiments 
The volume distensibility has been determined both on the calf 
and on the foot of the left lower leg of the same 1+9 subjects 
of which the mechanical properties of the skin on the calf have 
been investigated. The subjects were still acclimatized to the 
increased room temperature of 29 С (see section 3.3.6). 
The following experiments have been performed: The increase in 
volume AV/V was measured for 5 different cuff pressures (3.3, 
5.З, 8.0, IO.7 and ІЗ.З kPa*) in a randomly selected order, then 
the resting venous pressure ρ was determined and finally the 
measurement with a cuff pressure of 10.7 kPa was repeated while 
the cuff pressure was sustained for a longer time (about 10 
minutes), in order to obtain a reliable CFC value. The Д / -
value of this latter experiment was always in accordance with 
the former experiment. 
*The values correspond with 25, Uo, 60, 80 and 100 mmHg 
respectively. 
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7.2.3 The parameterization of the ρ -V relation 
The ρ -V relations are constructed by plotting the various 
increases in volume against ρ . 
(%) 
ν 
кР· 
Fig.7.3 An example of ρ -V relations as found on the 
calf and on the foot. The definitions of the 
parameters С and ("^т)1ПП
 a x e
 indicated. 
Fig.7.3 shows that both on the calf and on the foot the ρ -V 
relation is alinear. The curves have been characterized by 
ρ , the slope at the intercept dV/Vdp 
vo 
as the vascular capacity С , 
1
 f \ 
ν (ρ = ρ ) r
v
 r
vo 
> known 
and the increase in volume for 
ρ =13.3 kPa (p =100 mmHg), which corresponds to 
ρ =9.3 kPa, indicated by (~y)100· 
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7.2.4 Normal behaviour related to sex and age 
In the previous two sections it has been shown that the 
volume distensibility of the calf and of the foot are each 
characterized with three parameters: ρ , С , (—^)
н
_
л
 to 
* *vo о V 100 
which the CFC has been added. Since ρ is the venous pressure 
vo
 r 
in resting condition as measured underneath the cuff in the 
thigh the ρ -values of the calf and of the foot are the same. 
From the seven paramaters the normal values and the normal 
ranges have been determined as a function of sex and age using 
the same statistical techniques as mentioned in section 
6.2.4 for the parameters of the skin. 
(kP·) 
. mal. 
• itm.l. 
3-
2-
agc <years) 
Fig.7-4 Results found on healthy subjects and the normal 
behaviour of ρ for both sexes, related to age. 
vo 
Fig.7.4 shows the results found for ρ on all 49 subjects as 
a function of age. It appears that ρ does show a relationship 
with age. 
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The values increase from 0.9 kPa for younger people to 1.6 
kPa in old age. 
ІИЧ.Р.
1! 
Fig.7.5 Results found on healthy subjects and the normal 
behaviour of the vascular capa< 
for both sexes, related to age 
pacity С of the calf 
In fig.7.5 and fig.7.6 the values are presented for the vascular 
capacity С of the calf and the foot respectively. Both figures 
show that there does not exist any relationship with sex and/or 
age. The mean С value on the calf equals 3.0 χ 10 %.?& and 
the foot 2.3 x Ю " #.Pa~1. The results of (-y)100 on the on 
calf and on the foot are shown in fig.7.7 and 7.8 respectively. 
Only (^)1f1f) of
 t h e
 calf appears to depend on sex. The mean 
value of this parameter for males equals 2.0$ and for females 1.7?. 
The results of females tend to decrease with age. However, the 
number of correct measurements on females was so low that this 
decrease could not be demonstrated significantly. 
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Fig.7-6 Results found on healthy subjects and the normal 
behaviour of the vascular capa 
for both sexes, related to age 
city С of the foot 
»age (yaari) 
Fig.7.7 Results found on healthy subjects and the normal 
behaviour of (^) i n n
 o f t h e c a l f f o r b o t h s e x e s
» 
related to age. The female overall results are pre­
sented with small dots in the line. 305 
The results of (~^)lnn of the foot do not shov any relationship 
with sex and/or age. A mean value of 1,k% is found. 
»•gt (умг·) 
Fig.7.8 Results found on healthy subjects and the normal 
behaviour of (—y)1fin of the foot for both sexes, 
related to age. 
« Ч Р. 
»t* (year*) 
Fig.7.9 Results found on healthy subjects and the normal 
behaviour of CFC of the calf for both sexes, related 
ЗОб to age. 
The capillary filtration coefficient CFC of the calf and the 
foot are presented in fig.7-9 and 7·10 respectively. Both para-
meters are independent of sex and increase with age. It should 
he noticed that on both sites it is possible not to find any 
filtration at all experimentally. Roughly speaking the CFC value 
of the calf is about twice as high as the CFC value of the foot. 
HWP»'J 
CFC 
Î 
-ι Τ 1- . . . 
W 20 30 40 SO 60 70 
»age (ytari) 
m 
Fig.7.10 Results found on healthy subjects and the normal 
behaviour of CFC of the foot for both sexes, related 
to age. 
When the results of the calf and the foot are compared the 
following remarks can be made. Though qualitatively the same 
effects and corresponding shapes of the ρ -V relations are found, 
auantitatively there appear to exist fair differences between 
both sites. With respect to the foot the C Q and the l~yV10o 
values of the calf are approximately 30$ higher, while the CFC 
value is 100$ higher. 
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When the corresponding parameters of the calf and the foot are 
compared the results of Table 7·1 are found. С does not show 
any correlation, while (~^)1on
 a n d C F C
 appear to be correlated. 
The magnitudes of the correlation coefficients are so low that 
it is not legitimate to estimate the Plethysmographie para­
meters of the calf from those of the foot. 
Paras·Car 
С 
о 
«ty.OO 
CFC 
•пвЬег of 
correct 
— m i r — n t a 
4» 
·* 
27 
Significane« 
Ρ (I) 
Ι.S 
O.J 
Correlation 
eoeff iciant 
r 
0.12 
0.Э6 
0.52 
Table 7.1 Correlation between corresponding volume distensi-
bility of the calf and the foot. 
7.2.5 Correlations with clinical observations 
Correlations have been calculated between the seven Plethysmo­
graphie parameters and the three clinical aspects of the exami­
nation; varices, atopy and skin stiffness. Only (""«Онл« °^  "the 
calf shows a positive correlation with varices (P-value 4.1/6). 
The P-value of a positive correlation between С and varices 
о 
is 11$. Both results are in accordance with the work of Zsoter 
et al. (1966 and I967). They suggest a different alinear behaviour 
of the ρ -V relationship in varicosis. Both the CFC values of 
the calf and the foot appear to correlate positively with atopy 
(significance 3.0 and 2.8$ respectively). Apparently in atopic 
cases a higher filtration rate exists on both sites. 
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In section 7·^ we shall return to this result in connection 
with the differences found in the atopic skin (section 6Λ). 
None of the volume distensibility parameters appeared to be 
correlated with skin stiffness. This result underlines our 
opinion presented in section 6.it that the manual' impregsipn, 
is unreliable for drawing any conclusion in non-pathological 
cases. In the margin it can be mentioned that the few people 
for whom some annotations were made about erythrocyanosis 
and follicula hyperkeratosis, as a group showed a correlation 
/Д 
with ρ and the (-^ )..__ parameter of the calf, ρ was in-
*vo д 100 ^  *νο 
creased and the (~γ)10η parameter of the calf was decreased. 
Both results can occur together when the volume fraction of 
the veins in this group is smaller than in other subjects. 
7.3 The functional significance of the elasticity of the skin 
on the calf for the volume distensibility of the lower leg. 
In section 7.2 it has been shown that a rise in intravenous pres­
sure results in a volume increase of the lower leg. Apart from the 
capillary filtration this volume increase is a result of the 
increase in volume of the veins, which is limited by the elastic 
properties of soft tissues of which the vessel wall is the inner 
and the skin is the outer layer. Since we have characterized 
the elastic properties of the skin on the calf in the tangen­
tial direction (across Langer's lines) and since we know now 
the order of magnitude of the volume distensibility we are able 
to estimate the functional contribution of the skin on the calf 
in counterbalancing changes in intravenous pressure. As the 
maximum changes in volume due to a pressure rise are in the order 
of 2%, Laplace's law is used to estimate a pressure increase 
in the leg due to an increase of the tangential stress in the skin. 
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If we consider the lower leg as a cylinder with the skin as a 
thin-walled tube, the pressure in the cylinder ρ and the 
tangential stress σ in the skin are related as follows: 
Ρ = f . σ (7-2) 
in which r is the radius of the cylinder and a the thickness 
of the wall. An increase in volume of 2% causes an increase in 
circumference of about λ%. The stress in the skin needed to 
obtain a strain in the skin of "\% in the direction across 
Langer1s lines equals about 1Í of E ,, i.e. 0.01 χ 2 . 10 
N.m" . When we substitute the thickness of the skin (1.3mm) for 
a and take the mean radius of the lower leg (6.0 cm) for r, 
the increased stress in the skin causes an internal pressure 
rise of about U3 Pa. This value is only 0.5$ of the intravenous 
pressure rise which normally causes this change in volume (about 
10 kPa, see fig.7-3). So it has to be concluded that the functio­
nal significance of the elasticity of the skin in counterbalan­
cing rises in intravenous pressure is negligible. 
At this stage it is interesting to estimate the order of 
magnitude of the coefficient of elasticity of the vessel wall 
in the limbs. Since the cross-sectional area of the veins is 
only a part of the cross-sectional area of the limb (in the 
calf about 5%) the strain in the vessel wall of a congested 
limb will be much larger than the strain in the skin. Roughly 
speaking the 2% increase in volume of the limb is the result 
of an increase in volume of the venous system of about 
2 χ —r— = h0%, which can be reached by an increase in circum­
ference of the vascular wall of 20$. By substituting a ratio 
of 5 between the radius and the wall-thickness of a vein 
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(Burton, 195*0 equation 7.2 leads to a tangential stress in 
k -2 
the vail of 5 x 10 N.m , which suggests a coefficient of 
5 - 2 . 
elasticity of 2.5 χ 10 N.m .A stiffness in this order of 
magnitude has been presented before by Clark (1933). The value 
resembles the value of the initial coefficient of elasticity 
across Langer's lines. 
Correlations between skin parameters and volume distensibility 
parameters are to be interpreted with prudence. Structure and 
compounds of skin and vascular vail have to be taken into 
account. As an example ve should like to repeat one peculiar 
result already mentioned: vhereaa tlje ^ initia^ coefficients of 
elasticity of the skin decrease with age (section 6.3.1)» the 
С values of the calf do not show any relationship with age 
at all (section J.2.k). 
J.h Correlations between the parameters of the skin elasticity 
and the parameters of the volume distensibility 
Correlations between the four Plethysmographie parameters of 
the calf and all the parameters of the skin in the tangential 
direction (across Langer's lines) have been calculated. The 
local venous pressure in resting conditions ρ appeared to 
have a significant correlation with the skin parameters 
listed in Table 7-2 
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P a r « · С er with 
a correlat ion 
with ρ 
*vo 
pu_L 
Nimber of 
correct pa ir · of 
•oaeuroeamte 
47 
47 
27 
Signif icance 
F (X) 
О.« 
0.2 
4.S 
Correlation 
c o e f f i c i e n t 
r 
0 . M 
0.45 
0.39 
Table 7.2 Skin parameters across Langer1s lines which 
show a correlation with ρ 
vo 
The vascular capacity of С and the maximum increase in volume 
(^) did not show a correlation with any of the skin para­
meters. 
The capillary filtration coefficient CFC was significantly 
correlated with the parameters listed in Table 7.3. 
The lack of correlation of С ала (~у)100
 w i t h
 Î h e s k i n
 Para-
meters needs further comment. In our approach information about 
elastin fibres in the skin is also relevant for other soft 
tissues. For that reason this lack of correlation suggests that 
the elastin fibres in the venous wall do not have a function 
in counterbalancing venous congestion. This suggestion is suppor-
ted by the different age dependence of skin and volume distensi-
bility parameters. From fig.7-3 it seems likely that С and 
(—) are parameters of a monophasic curve in which an elastin 
v
 V 100 * 
and a collagen phase cannot be distinguished. All results together 
give rise to the suggestion that collagen fibres determine the 
deformations in venous congestion. 
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Paraucar «Ich 
a correlación 
wich CFC 
V L 
V L 
pu J. 
' M X 
к
р«Х 
τ 
u
 1 
"·*! 
ЯивЬаг of 
corracC paira of 
•eaauraaanca 
«3 
43 
12 
35 
41 
44 
13 
Significane· 
Ρ <X) 
1.3 
0.7 
1.2 
1.0 
(5.J) 
(6.1) 
2.0 
Correlación 
coafficionc 
г 
-0.37 
-0.40 
-0.70 
-0.43 
0.30 
0.29 
-0.59 
Table 7·3 Skin parameters across Langer's lines which show 
a correlation with CFC. 
It is not clear how the correlations of ρ with the skin para­
meters are to be interpreted. Table 7-2 tells us that p
v Q is 
only correlated with coefficients of alinearity and consequently 
with the elastin fibre quality. Though the changes with age and 
the degree of scattering of the ρ -values are in an order of 
magnitude in correspondence with the results found on the skin, 
we cannot think of arguments in favour of a direct causal 
relationship between ρ and elastin fibre quality. It should 
be noted that the magnitude of ρ might very well be determined 
merely by circulation parameters and that the age dependency 
of ρ may affect the correlations. 
*vo 
The negative correlation coefficients between the CFC and the 
initial coefficients of elasticity (Table 7.3) demonstrate that 
the CFC is increased in subjects with less elastin fibres in 
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the skin and is decreased in subjects with a larger amount of 
fibres. If we are allowed to assume that the amount of elastin 
fibres in the skin of a subject is a relative measure of the 
amount of elastin fibres in other tissues - only 
general effects cause changes in the amount of fibres - there 
is a possibility of interpreting these correlations. In that 
case these results suggest that the permeability of the capil­
lary wall is related to its structure (amount of elastin fibres 
in the wall) in a way that a lack of fibres induces a higher 
permeability. It should be noted that in this case the term 
'capillary wall' has to be interpreted functionally. 
This means that not only the endothelial lining but also the 
outer tube of connective tissue around the capillary, the 
periepithelium, which contains elastin, has to be taken into 
account. 
The positive correlations of CFC with к , and τ (Table 7-3) 
p d l
 .
 UJ· 
are only indicative. These possible correlations still give 
rise to some interesting considerations. In section 6.k we 
stated that к , , τ and τ, show some positive correlation V% vL d x 
with atopy and in section 7.2.5 that atopy is correlated with 
CFC. These three results together tend to lead us to the follo­
wing interpretation. Atopic subjects have a higher CFC, which 
can result in more extravascular fluid, which influences the 
contents of interstitial fluid in the tissues. An increase of 
the amount of interstitial fluid in the skin effects the shif­
ting of the collagen fibres in the skin during the delayed elas­
tic process in a way as characterized by к , , τ and τ, 
pd¿ u¿ dj_ 
In other words the different properties of atopic skin are 
induced by different properties of the capillary wall. 
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Since atopy does not affect the amount of elastin fibres in 
the skin (a tissue) and since the CFC is negatively corre-
lated with the amount of fibres in the skin (a tissue), the 
effect of the higher permeability of the capillary wall in 
atopics is not connected with the amount of elastin fibres 
in the wall, but must have another origin. So atopic subjects 
with a relatively weak skin have the biggest chance of very 
high CFC values. 
7-5 Discussion 
The negligible functional significance of the elasticity of 
the skin in counterbalancing intravenous pressure rises in 
the lower legs directs our attention to the vessel wall 
as a dominant structure for the volume distensibility. 
However, the determination in vivo of the mechanical proper-
ties of the vessel wall, especially of the deep veins of the 
lower legs, is at this moment out of reach. The lack of 
correlation between the skin parameters and the volume 
distensibility parameters suggests that the elastin fibres, 
which determine the properties of the skin for small defor-
mations, do not play an important role in the vessel wall 
properties in venous congestion. 
In this connection it is important to investigate the in 
vivo mechanical properties of the skin for larger defor-
mations as well. From the second 'phase' of the stress-
strain curve the properties of the collagen fibres can be 
studied. 
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Besides the fact that the results of such a study vili 
complete the picture of the mechanical properties of the skin» 
it may Ъе expected that the collagen fibre parameters of the 
skin do show a correlation vith the volume distensibility 
parameters. After all it is well-known that the mechanical 
properties of both skin and vessel wall are mainly determined 
Ъу collagen and/or elastin fibre properties. 
Additionally one may try to measure the pressure-volume rela­
tionship of single superficial veins in vivo in order to deter­
mine the stress-strain relationship of the vessel wall. Possi­
bly modern ultrasonic techniques (Hokanson et al. , 1970) can Ъе 
used for this purpose, but the use of rather simple (video) 
microscopic techniques (Nachev et al., 1971) should also Ъе con­
sidered. Since volume distensibility parameters are overall 
parameters of a number of veins, results of single veins can 
be of use in the interpretation of the overall parameters in 
terms of fibre properties. 
The value of our elastin fibre model for this further 
research is that it initiates a new way of thinking about soft 
tissue elastic properties. A corresponding collagen fibre 
model will have to be developed from accurate in vivo skin 
measurements before we can start to interpret properties 
of the vessel wall or of the alinear ρ -V curve in mechanical 
ν 
terms. 
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Summary 
This study is concerned with the mechanical properties for 
small deformations of the human skin in vivo. In first in-
stance our interest was focussed on this subject in order 
to gain an insight into the functional significance of the 
skin for the peripheral circulation in the lower legs. 
Since the published data about the mechanical properties of 
the skin as obtained by various authors using different mea-
suring techniques, show incomprehensibly large discrepancies, 
we have studied the skin with two techniques which act in the 
plane of the skin, namely: uniaxial strain and torsion, and 
compared the results. To this end a functional description 
of the skin is presented which is based on its morphological 
and physiological properties (Chapter 1). In this descrip-
tion the mechanical properties of the skin are attributed to 
the collagen and elastin fibre networks. When under tension, 
the open collagen network only orientates to the direction 
of the stress while the elastin fibres are strained. Chapter 
2 gives a survey of a number of theoretical aspects of 
measuring mechanical properties; the skin is regarded as an 
orthotropic sheet and some fundamental remarks are made 
about viscoelastic, alinear, anisotropic and inhomogeneous 
media. In Chapter 3 the uniaxial strain experiments are 
discussed. When square loads are used it appears that the 
skin has viscoelastic and alinear properties, which are 
different during and after loading. The viscoelastic behaviour 
is characterized by Burgers' model and the alinearity by 
Fung's equation. Skin properties appear to depend on the 
measuring direction with respect to Langer's lines. 
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Considerable anisotropy factors are reported. 
In torsion measurements (Chapter k) qualitatively similar 
results are found as in uniaxial strain experiments. 
A comparison of the results in quantitative respect shows 
that the skin cannot be regarded as a homogeneous medium. 
An elastin fibre model is proposed to describe the mechani-
cal properties of the skin (Chapter 5). With this model the 
results of uniaxial strain measurements in different direc-
tions and of torsion measurements can be related to each other 
quantitatively. Moreover, a number of fibre properties, such 
as the amount of elastin fibres in the skin, the angular 
distribution of the fibres and fibre quality, can be deter-
mined. The validity of the model is tested on a group of U°-
healthy subjects of both sexes and various ages. From this 
group the normal values and the normal ranges of the model 
parameters are determined in relation to sex and age (Chapter 
6). Incidental results on pathologically aberrant skin show 
different properties which underline the value of the model. 
Correlations between the skin parameters and the.results of 
Plethysmographie measurements on the lower leg show that 
elastin fibre properties do not play a role in the volume 
distensibility of the lower leg (Chapter 7). 
The functional significance of the skin in counterbalancing 
intravenous pressure rises appears negligible. 
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Samenvatting 
Dit onderzoek handelt over de mechanische eigenschappen 
van de menselijke huid in vivo bij kleine vervormingen. 
In eerste instantie richtte onze belangstelling zich op 
het verkrijgen van inzicht in de functionele betekenis 
van de huid voor de perifere circulatie in de onderbenen. 
Aangezien in de literatuur de gegevens over de mechanische 
eigenschappen van de huid, zoals die door verschillende 
auteurs met behulp van verschillende meettechnieken zijn 
verkregen, onbegrijpelijk grote onderlinge verschillen 
vertonen, hebben we de huid onderzocht met twee meettech-
nieken die beide werken in het vlak van de huid, namelijk 
uniaxiale rek en torsie, en de uitkomsten vergeleken. 
Hiertoe wordt een functionele beschrijving van de huid 
gegeven gebaseerd op de morfologische en fysiologische 
eigenschappen van de huid (Hoofdstuk 1). In deze beschrij-
ving worden de mechanische eigenschappen van de huid toe-
gekend aan de collagene en elastine vezelnetwerken. Onder 
uitwendige belasting richt het open collageen netwerk zich 
naar de trekrichting, terwijl alleen de elastine vezels 
worden gerekt. Hoofdstuk 2 geeft een overzicht van een aan-
tal theoretische aspecten met betrekking tot het meten 
van mechanische eigenschappen; de huid wordt beschouwd als 
een orthotroop vel en enige fundamentele opmerkingen worden 
gemaakt over viscoelastische, alineaire, anisotrope en 
inhomogene stoffen. 
In Hoofdstuk 3 worden de uniaxiale rekexperimenten be-
sproken. Bij blokvormige belastingen blijkt dat de huid 
viscoelastische en alineaire eigenschappen heeft, die tijdens 
en na belasting verschillend zijn. 
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Het viscoelastisch gedrag wordt gekarakteriseerd door het 
Burgers-model en de alineariteit door de vergelijking van 
Fung. Huideigenschappen blijken afhankelijk te zijn van 
de meetrichting ten opzichte van de Langer-lijnen. De vaar-
den voor de anisotropie die worden gerapporteerd zijn 
aanzienlijk. In torsie-metingen (Hoofdstuk k) worden 
kwalitatief overeenkomstige resultaten gevonden als in 
uniaxiale rekexperimenten. Een kwantitatieve vergelijking 
van de resultaten toont aan dat de huid niet beschouwd 
kan worden als een homogeen medium. 
Om de mechanische eigenschappen van de huid te beschrijven 
wordt een elastine vezelmodel voorgesteld (Hoofdstuk 5). 
Met dit model kunnen de resultaten van uniaxiale rekmetingen 
in verschillende richtingen en van torsie-metingen kwanti-
tatief met elkaar in verband worden gebracht. Bovendien 
kunnen een aantal vezeleigenschappen worden bepaald, zoals 
het aantal elastinevezels in de huid, de hoekafhankelijkheid 
van de vezelverdeling en de vezelkwaliteit. De geldigheid 
van het model wordt getoetst aan de resultaten gevonden bij 
1*9 gezonde proefpersonen van beide geslachten en verschillende 
leeftijden. Voor deze groep worden de normaalwaarden van de 
model-parameters bepaald in relatie met geslacht en leeftijd 
(Hoofdstuk 6). Incidentele resultaten bij pathologisch afwij-
kende huid vertonen veranderde eigenschappen die de waarde 
van het model onderschrijven. Correlaties tussen huidparameters 
en resultaten van plethysmografische metingen aan het onder-
been laten zien dat de elastine vezeleigenschappen geen belang-
rijke rol spelen met betrekking tot de volumedistensibiliteit 
van het onderbeen (Hoofdstuk 7)· De functionele betekenis van 
de huid voor het opvangen van intraveneuze drukverhogingen 
blijkt verwaarloosbaar. 
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STELLINGEN 
la. De alineariteit in de instantaan elastische eigenschappen 
van de menselijke huid bij kleine vervormingen is een gevolg 
van en gelijk aan de alineariteit van de elastine vezels in 
de huid. 
lb. De alineariteit in het gedempt elastisch gedrag van de mense-
lijke huid bij kleine vervormingen moet worden toegeschreven 
aan de oriëntatie van de vezelstructuur naar de trekrichting. 
2. In een orthotrope vezelstructuur verdient het de voorkeur de 
anisotropie te definiëren als de initiële verhouding van de 
aantallen vezels in de hoofdrichtingen. 
3. Uitsluitend torsie onderzoek aan een onbekend medium geeft 
slechts beperkte kwantitatieve informatie omtrent de mpchanische 
eigenschappen van de stof en vormt daardoor een onvoldoende 
basis voor een interpretatie van deze eigenschappen. 
4. De huid functioneert niet als een elastische steunkous. 
5. Het is opmerkelijk dat het actieve gedrag van de huid na be-
lasting een grotere tijdconstante vertoont dan het passieve 
gedrag gedurende belasting. Mogelijk wijst dit op een vorm van 
hereditaire malengie. 
6. Het beoordelen van de veneuze kuitpompfunctie uit de volume-
veranderingen die bij loopbewegingen in de voet optreden faalt 
omdat deze functie op een veneuze drukdaling en niet op een 
volume-afname is gericht en omdat de relatie tussen voetvolume 
en veneuze druk interindividueel grote verschillen vertoont. 
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